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ABSTRACT 

Lai,  Narindra  Bansi.   Ph.D.,  Purdue  University,  June  1965.  Two- 
Dimensional  Stress-Strain  Relationships  of  a  Fine  Aggregate-Asphalt 
System.  Major  Professor:  William  H.  Goetz. 

The  study  was  undertaken  to  provide  the  equations  necessary  to 
solve  a  two-dimensional  deformable  system  for  a  sheet-asphalt  mixture 
knowing  the  boundary  conditions  imposed  on  the  material.  Whereas  the 
two  general  two-dimensional  equations  of  motion  involve  five 
unknowns,  three  independent  equations  were  sought  to  solve  the  system 
completely. 

The  required  three  equations  were  determined  on  the  basis  of 
experimental  data  obtained  from  two  different  types  of  laboratory  tests. 
Uniaxial  Tension  and  Simple  Shear  tests  were  chosen  for  this  purpose. 

The  Uniaxial  Tension  tests  were  performed  on  cylindrical  specimens 
by  subjecting  them  to  constant  stress  at  constant  temperature  and  observing 
the  axial  and  circumferential  strains  with  time.  The  tests  were  repeated 
under  different  stresses  at  three  temperatures.  On  the  basis  of  the  data 
obtained  from  these  tests,  an  equation  relating  stress  (0"z)   to  axial 
strain  (£z)  was  derived.  The  equation  had  the  following  form: 


-e 


■A 
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where  t  stands  for  time,  T  for  temperature  and  c, ,  c?,  p.,  p?  are  four 
material  constants.  A  similar  expression  relating  stress  (<Jl)  to 


circumferential  strain  (£y)  was  also  obtained  from  the  results  of  these 
tests . 

The  Simple  Shear  tests  were  performed  on  thin  rectangular  specimens 
by  subjecting  them  to  constant  shear  stress  at  constant  temperature  and 
observing  the  shear  strain  with  time.  The  tests  were  repeated  under 
different  stresses  at  three  temperatures.  On  the  basis  of  these  tests, 
an  expression  relating  shear  stress  to  shear  strain  was  obtained  in  the 
same  form  as  given  above  for  Uniaxial  Tension  tests. 

The  four  material  constants  as  found  from  the  stress -strain 
expressions  derived  from  the  above  two  types  of  tests  were  independent 
of  time  and  temperature.  Since  the  values  of  these  material  constants 
as  determined  from  the  two  series  of  tests  were  in  close  agreement,  it 
was  indicated  that  these  are  independent  of  the  type  of  test. 

Axial  Compression  tests  were  performed  on  hollow-cylindrical 
specimens  to  compare  the  results  with  those  predicted  on  the  basis  of 
the  corresponding  Uniaxial  Tension  tests.   It  was  found  that  for  small 
strains  of  less  than  about  0.^  percent,  the  two  tests  gave  very  close 
results.  For  large  strains,  whereas  the  strain  (ordinate) -time 
(abscissa)  plot  on  log-log  scales  tended  to  curve  upward  at  the  beginning 
of  failure  conditions  in  Uniaxial  Tension  tests,  the  corresponding  plots 
for  Axial  Compression  tests  tended  to  curve  downward  to  lesser  slopes, 
at  about  the  same  time. 

It  was  concluded  that  three  independent  stress -strain  relationships 
exist  as  functions  of  time  and  temperature.  These  expressions  contain 
four  basic  material  constants  which  are  independent  of  time  and  temperature 
and  type  of  test. 


INTRODUCTION 

Bituminous  concrete  has  long  been  used  as  a  part  of  the  section  of 
flexible  pavements.  However,  in  the  past  it  has  been  used  principally 
for  the  upper  layer  or  layers  of  the  system.  Until  fairly  recently, 
even  when  the  bituminous  portion  was  of  substantial  thickness,  it  was 
looked  upon  as  part  of  the  surfacing.  Therefore,  its  load  distribution 
value  has  been  relegated  to  a  secondary  consideration  and  strength  design 
of  the  material  has  been  considered  principally  with  respect  to  its 
internal  stability.  However,  with  the  expanding  use  of  bituminous 
mixtures  as  load-distributing  layers,  i.e.,  the  use  of  asphalt  in  the 
lower  layers  of  the  system,  it  becomes  imperative  to  be  able  to  evaluate 
them  in  regard  to  all  aspects  of  their  strength  properties. 

The  current  testing  methods  for  bituminous  concrete  are  very  much 
restricted  in  scope  in  the  sense  that  they  do  not  take  into  account 
the  fundamental  properties  of  a  mix.   In  most  cases,  the  criteria  for 
design  is  based  on  empirical  test  values  obtained  by  arbitrarily 
assigned  deformation  rates  and  temperatures.  As  a  consequence,  the 
resultant  test  values  do  not  relate  the  properties  of  the  mix  even  as 
well  as  do  the  modulus  of  elasticity  and  Poisson's  ratio  for  steel. 
However,  the  principles  of  elasticity  have  been  used  by  engineers  for 
designing  flexible  pavements  (l). 

It  is  now  well-known  that  bituminous  concrete  is  neither  purely 
elastic  nor  purely  plastic  but  is  viscous  as  well  as  elastic,  and  that 
the  stress-strain  relationships  are  functions  of  time  and  temperature. 


Those  parts  of  'these  stress-strain  relationships  which  are  independent 
of  time  and  temperature  are  material  constants,  and  if  these  arc  true 
material  constants,  should  be  independent  of  the  size  and  shape  of  the 
specimen  and  also  of  the  type  of  test. 

Considerable  work  has  been  done  (2,  3>  4)  to  show  that  asphalt 
cements  when  loaded  show  elastic, retarded  elastic  and  viscous  behavior. 
Based  on  the  evidence  that  elastic  response  as  well  as  viscous  behavior 
is  exhibited  by  asphalts,  several  attempts  have  been  made  during  the 
last  decade  to  predict  the  behavior  of  bituminous  concrete  by  one- 
diinensional  mechanical  models  consisting  of  elastic  springs  and 
viscous  dashpots.   So  far,  no  single  model,  even  in  a  one -dimensional 
sense,  has  been  found  to  predict  accurately  the  behavior  of  bituminous 
mixtures . 

Instead  of  such  a  one-dimensional  approach  to  the  study  of  the 
behavior  of  bituminous  mixtures  it  appears  much  more  realistic  to 
approach  the  problem  by  starting  from  the  completely  general  equations 
of  equilibrium  (Appendix  A)  of  a  two-dimensional  system.   These  equat- 
ions of  motion  follow  directly  from  Newton's  second  law  of  motion  and 
this  approach  is  completely  general  in  the  sense  that  it  is  applicable 
to  any  homogeneous  and  isotropic  material.  To  render  a  two-dimensional 
system  solvable,  in  addition  to  these  two  equations  of  motion  which 
contain  five  unknowns,  three  more  equations  are  needed.   It  is  the 
purpose  of  this  investigation  to  determine  if  these  three  equations  can 
be  obtained  from  relevant  experimental  data  relating  stress  to  strain  as 
a  function  of  time  and  temperature . 

Any  true  material  constants  should  be  reflected  in  these  stress- 


strain  relationships.  For  a  particular  bituminous  mix,  these  constants 
should  be  independent  of  the  type  of  test. 

This  study  was  undertaken  to  determine  and  verify  such  material 
constants  and  to  obtain  the  three  equations  necessary  for  a  system  of 
five  equations  containing  five  unknowns. 


REVIEW  OF  THE  LITERATURE 

This  review  of  the  literature  is  concerned  mainly  with  the  deformation 
characteristics  of  bituminous  mixtures,  for  pre-failure  conditions,  and 
the  test  methods  adopted  for  determining  these  characteristics.  While 
reviewing  the  research  done  in  this  area,  only  the  work  aimed  at  an 
understanding  and  prediction  of  the  behavior  of  bituminous  mixtures  has 
been  considered  pertinent. 

Milburn  (6)  describes  a  deformation  test  for  proportioning  mineral 
aggregate  and  asphalt  so  that  the  mixture  may  best  withstand  high 
temperature.  The  test  consists  in  subjecting  specimen,  1-inch  high  by 
1  l/k -inch  in  diameter  to  a  constant  load  at  a  constant  temperature  for 
a  definite  length  of  time,  and  determining  the  decrease  in  height  of  the 
specimen.  It  was  concluded  that  the  correlation  of  specific  gravity 
results  of  the  compressed  specimens  with  deformation  results  can  be  used 
for  the  design  of  bituminous  mixtures  of  the  sheet  asphalt  type. 

Emmons  and  Anderton  (7)  describe  a  test  developed  to  correlate 
service  behavior  with  laboratory  evaluation.  Specimens  v/ere  compressed 
by  means  of  a  power  tamping  device  and  were  8x6x2  l/1!  inches  in  size. 
The  specimen,  heated  to  lHO  F  and  confined  in  a  mold,  was  subjected  to 
pressure  that  caused  a  portion  of  the  material  to  be  extruded  from 
openings  in  the  bottom  and  ends  of  the  mold.  Curves  indicate  that  the 
test  is  sensitive  to  variations  in  composition  of  bituminous  mixtures 
and  is  suitable  for  the  investigation  of  both  fine  and  coarse-graded 
mixtures. 


Kriege  and  Gilbert  (8)  deal  with  factors  controlling  the  deformation 
of  bitumen-aggregate  mixtures  under  traffic  conditions.  Emphasis  is 
laid  on  having  moving  loaded  wheels  as  deforming  agents  rather  than  static 
loads.  For  this  purpose,  a  modified  Dorry  Hardness  Machine  was  used  for 
a  study  of  the  resistance  of  such  mixtures  to  deformation.  The  depth 
and  location  of  deformation  was  recorded.  Failure  was  considered  to 
occur  when  the  gradually  increasing  tendency  to  rut  was  suddenly  greatly 
accelerated. 

Vokac  (9)  gives  a  test  method  which  he  claims  will  produce  a 
definite  measure  of  a  mixture's  tendency  to  deform  i.e.,  shove  in  service. 
The  method  consists  in  compacting  specimens  between  opposed  plungers  in 
a  2-inch  cylinder  using  a  load  of  500  psi  and  testing  with  a  Page  Impact 
testing  machine.  It  was  found  that  the  number  of  blows  required  to  cause 
failure  when  plotted  against  the  height  from  which  the  hammer  falls  gives 
a  straight  line  on  a  log-log  plot.  The  slope  of  this  straight  line  is 
the  "Index  of  Deformation"  which  is  an  indication  of  the  tendency  the 
mixture  will  have  to  shove  in  a  surface  under  traffic . 

Vokac  (10)  also  gives  data  showing  the  usefulness  of  compression 
testing  of  asphalt  paving  mixtures.  With  the  data  given  by  him,  the 
fundamental  characteristics  such  as  modulus  of  elasticity  in  compression, 
compressive  strength  and  elastic  limit  may  be  evaluated.   Specimens 
were  tested  by  applying  loads  at  a  uniform  rate  of  deformation,  and  also 
by  applying  a  uniform  rate  of  increase  of  load.  A  rate  of  deformation 
of  0.05  in. per  minute  was  found  practical  in  the  application  of  loads 
for  a  uniform  rate  of  deformation.  The  author  states  that,  with 
appropriate  treatment  of  the  data,  "it  is  indicated  that  the  stress 
characteristics  of  samples  with  miscellaneous  heights  and  densities  as 


obtained  in  ccring  a  pavement  surface,  may  be  evaluated  on  a  strictly- 
comparable  basis." 

Lee  and  Markwick  (ll)  found  that  three  stages  occurred  during 
the  process  of  deformation  of  bituminous  mixture  specimens  subjected 
to  tensile  and  shear  tests.  The  first  stage  related  to  the  initial 
rapid  rate,  the  second  to  the  decreased  rate  with  time  and  the  third 
one,  the  almost  constant  rate  of  deformation,  was  taken  as  a  measure 
of  resistance  of  the  material  to  deformation.  The  one-dimensional 
Burgers'  model  of  elastic  springs  and  viscous  dashpots  was  found  to 
have  a  qualitative  agreement  in  its  behavior  to  the  behavior  of 
bituminous  surfacing  mixtures  under  load.  Three  types  of  tests,  viz. 
uniform  tension,  uniform  shear  and  bending  of  beams,  were  performed  at 
constant  stress;  deformation- time  curves  were  obtained  in  each  case. 
Since,  for  any  one  material,  similar  curves  were  obtained  by  the  three 
tests,  the  authors  considered  it  reasonable  to  infer  that  the  same 
property  of  the  material  was  measured  in  each  case. 

Lee,  Warren  and  Welters (12)  discuss  their  work  on  the  flow  properties 
of  bitumen  and  bitumen-aggregate  mixtures .  The  tensile  test  was  selected 
for  studying  the  flow  properties  of  mixtures  because  the  material  is 
subject  to  constant  uniform  stress,  the  test  results  are  independent 
of  the  dimensions  of  the  specimen  and  they  can  be  expressed  quantitatively. 
A  relationship  between  stress  and  minimum  rate  of  strain  (ll)  is  given 
by  R  =  ks  ,  where  R  is  the  minimum  rate  of  strain,  S  is  the  applied 
stress  and  k  and  p  are  constants.  The  above  relationship  gives  parallel 
straight  lines  on  a  log-log  plot  over  the  investigated  temperature  range 
and  p  is  thus  considered  a  fundamental  material  property  termed  "plastic 
flow  index."  The  value  of  k  represents  the  minimum  rate  of  deformation 


at  unit  stress  and  is  thus  termed  the  "mobility."  An  equation  giving  the 
relationships  between  "k"  and  temperature  over  a  range  of  about  25  C 
is  given. 

Pfeiffer  (13)  explains  the  underlying  theory  of  the  so-called 
"cell  test"  in  which  the  plastic  nature  of  bituminous  mixes  is  fully 
taken  into  account.  According  to  the  author,  "little  value  can  be 
attached  to  the  figures  found  by  determining  the  compressive  strength 
of  cubes  in  the  usual  way."  As  to  Vokac's  paper  (lQ) ,  the  author  says, 
"the  conclusion  in  the  synopsis  of  his  article,  viz.  'that  the  stress 
characteristics  of  samples  with  miscellaneous  heights  and  densities 
may  be  evaluated  on  a  strictly  comparable  basis,'  is  evidently  invalid." 

As  to  the  tensile  and  bending  tests,  the  author  says,  "the  behavior 
of  a  bituminous  composition  on  elongation  is  a  property  which  is  at  least 
as  important  in  judging  the  suitability  of  bituminous  road  mixtures  as 
the  compressive  strength.   It  was  shown  by  Lee  and  Markwick,  among  other 
investigators,  that  when  a  road  sample  is  bent,  which  is  the  most 
frequent  cause  of  rupture  in  road  carpets,  tensile  stresses  are  the 
most  important  factors.  Bending  tests  have  the  drawback,  however,  that 
they  produce  such  a  complicated  distribution  of  stresses  that  even  with 
normally  elastic  materials,  it  is  impossible  satisfactorily  to  analyze 
the  symptoms  in  question.  Any  attempt  to  do  so  with  such  a  complicated 
mixture  as  a  bituminous  road  carpet  is,  therefore,  doomed  to  fail." 

Hillman  (l*+)  uses  the  flexure  test  to  study  the  essential 
characteristics  of  bituminous  paving  mixtures.  The  objective  of  his 
investigation  was  to  study  the  effect  of  different  variables  upon 
test  results  obtained  with  laboratory  specimens  subjected  to  bending 
tests.  The  machine  used  for  these  bending  tests  is  described  in  detail. 
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These  flexure  tests  of  bituminous  mixtures  under  a  constant  rate  of 
loading  show  that  the  modulus  of  rupture  and  modulus  of  elasticity  both 
increase  as  rate  of  stress  increases. 

Mack  (15)  presents  the  theoretical  aspects  of  the  mechanical 
properties  of  bituminous  pavements  comprising  load-carrying  capacity, 
flow  property  and  elasticity.  He  used  a  compression  machine  to 
investigate  the  deformation  of  cylindrical  specimens  under  constant 
load  as  a  function  of  time.  A  straight  line  relationship  on  a  log-log 
plot  was  found  to  exist  between  height  of  the  compression  specimen  at 
any  time  and  time.  However,  only  short  times  were  considered.  The 
determination  of  the  Theological  properties  of  bituminous  mixtures 
was  also  carried  out  by  subjecting  the  specimen  to  successive  compressive 
loads.  It  was  found  that  each  successive  loading  renders  bituminous 
mixtures  more  resistant  to  flow  indicating  work-hardening  due  to 
repeated  compressions.  He  found  that  increasing  the  degree  of  plasticity 
of  asphalts  increases  the  resistance  to  flow  of  bituminous  mixtures, 
increases  the  stresses  obtained  at  a  given  deformation,  decreases  the 
rate  of  dissipation  of  stresses,  and  decreases  elasticity  at  50  F 
but  has  practically  no  effect  on  elasticity  at  60  F  and  higher. 

Nijboer  (l6  and  17)  describes  a  bitumen-aggregate  mixture  as  a 
plastic  material  with  viscous  properties  and  analyzes  its  resistance 
to  plastic  flow.  The  triaxial  test  is  used  to  measure  magnitudes  of 
the  physical  properties  describing  the  material.   Simple  rules  have 
been  given  on  the  basis  of  relevant  experimental  work  showing  the 
variation  in  mixture  properties  as  a  result  of  composition  variables. 
Regarding  practical  applications,  in  some  cases  the  viscous  property 
of  the  material  cannot  be  used  to  meet  external  stresses,  whereas  in 


others  it  would  lead  to  permissible  deformations.  Bituminous  mixtures, 
according  to  the  author,  can  be  designed  accordingly. 

Mack  (l8)  emphasizes  the  importance  of  taking  the  time  function  into 
consideration  for  the  measurement  of  the  load-bearing  capacity  of  road 
structures.  Results  from  compression  tests  carried  out  on  cylindrical 
briquettes  indicate  the  bearing  strength  of  bituminous  pavements  under 
the  influence  of  load  and  time.   "The  non-recoverable  part  of  deformation 

obeys  the  following  equation:   S       (vt  )b 

So   =   ~ 
0        00 

where  S  =  stress,  either  compressive,  tensile  or  shearing, 

V  =  strain  or  shear  rate, 

S  =  stress  which  brings  about  the  loxrest  observable 

strain  rate  V  , 
o' 

t  =  time, 

t  e  time  at  V 
o  o 

b  =  a  numerical  constant." 

The  results  illustrate  the  known  hardening  of  asphalt  pavements  under 

the  influence  of  traffic.  To  further  illustrate  the  deformation  mechanism 

of  bituminous  mixtures,  the  author  gives  data  from  bending  tests  performed 

by  Hillman  (Hk) .     According  to  the  equations  given,  the  author  says  "the 

stress  is  a  function  of  the  strain-rate  and  time,  hence  the  strain-rate 

depends  not  only  on  the  stress  but  also  on  the  time  and  the  deformation 

of  an  asphalt  pavement  is  influenced  by  previous  operations,  because 

the  number  of  particles  moving  decreases  with  each  deformation." 

Equations  have  been  given  by  the  author  for  the  recoverable  deformation 

as  a  function  of  time  and  also  of  the  non-recoverable  deformation  as  a 

function  of  time. 
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Van  der  Poel  (19)  describes  a  simple  general  system  in  the  form  of 

a  nomograph  by  means  of  which  the  deformation  of  bitumens  can  be  calculated 

as  a  function  of  stress,  time  and  temperature.  Both  static  creep  tests 

as  well  as  dynamic  tests  with  an  alternating  stress  of  constant  amplitude 

were  performed  in  this  work.   Two  log-log  plots  l)  stiffness  modulus 

for  static  creep  tests  against  time  and  2)  stiffness  modulus  for 

dynamic  tests  against  1,   where  w  =  2  n*  frequency,  were  drawn  using  the 

w 
same  scales.  In  both  cases,  almost  identical  curves  were  obtained. 

To  quote  the  author,  "Thus,  for  practical  purposes,  the  difference 

between  the  two  loading  procedures  largely  disappears  and  we  will, 

therefore,  not  distinguish  between  them  further." 

Nijboer  (20)  describes  the  characteristics  of  asphalts  and  aggregates 
which  affect  both  the  elastic  and  plastic  behavior  of  mixtures.  He 
compares  test  results  under  short  duration  loadings  with  those  derived 
from  long-duration  loadings.  The  mixture  was  found  to  show  plastic 
properties  on  long-term  loading  in  tri axial  tests,  while  asphalt 
properties  on  short-duration  loadings  seemed  to  approach  those  of  an 
elastic  material.  The  compressive  and  tensile  strengths  increased  with 
increasing  rate  of  deformation  and  the  maximum  stress  was  obtained  at 
a  constant  deformation  of  material  amounting  to  2.5  to  3-5$  in 
compression  and  1.5  to  2.0$  in  tension,  both  at  higher  temperatures. 
These  values  decreased  by  one-third  at  lower  temperatures.  It  was 
further  found  that  elastic  recovery  of  the  material  was  fairly  complete 
up  to  1$  deformation  and  independent  of  temperature  and  hardness  of 
binder . 

Mack  (21  and  22)  observed  that  the  deformation  of  bituminous 
mixtures  consists  of  an  instantaneous  elastic  strain,  independent  of 
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time,  and  retarded  elastic  deformation  followed  by  a  plastic  deformation, 
whose  rate  decreases  with  time,  and  which  determines  the  mechanical 
behavior  of  a  mixture.  The  "coefficient  of  plastic  traction"  (i.e., 
stress  divided  by  strain  rate)  increases  with  increasing  compressive 
strength  and  time  as  a  result  of  a  hardening  process  which  accompanies 
the  plastic  deformation  of  a  mixture.  The  author  emphasizes  the 
importance  of  the  consideration  of  time  in  the  testing  methods  for 
bituminous  mixtures,  for  the  deformation  of  bituminous  pavements  is 
a  function  of  time. 

Wood  (23)  in  the  first  part  of  his  study  on  stress-deformation 
characteristics  of  asphaltic  mixtures,  gives  a  general  relationship 
between  maximum  unconfined  compressive  strength,  temperature  and  rate 
of  deformation,  as  a  result  of  unconfined  compressive  strength  tests 
on  sand-asphalt.  In  the  second  part  of  his  study,  unconfined  repeated 
load  tests  were  performed  and  according  to  the  author  "the  data  suggest 
that  the  elastic  portion  of  the  deformation  takes  place  principally  in 
the  polymolecular  film  of  asphalt  which  surrounds  the  aggregate  particles 
It  was  found  that  a  stress,  termed  "Endurance  Limit"  could  be  cycled 
a  number  of  times  without  causing  excessive  shear  deformations.  This 
concept  of  "Endurance  Limit"  was  confirmed  by  performing  confined, 
repeated-load  tests. 

McLaughlin  (2k)   deals  with  some  load-carrying  characteristics  of 
a  bituminous  concrete  overlay.  Relationships  between  strength  and  rate 
of  deformation  and  temperature  were  investigated  by  compression  tests 
on  laboratory  specimens  compacted  by  different  methods  as  well  as  by 
compression  tests  on  pavement  cores.  As  a  result  of  repeated-load 
tests  on  pavement  cores,  it  was  found  that  the  cumulative  permanent 
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deformation,  y,  is  given  by  y  =  kx  '   where  x  is  the  number  of  load 
repetitions  and  k,  n  are  constants;  i.e.,  cumulative  permanent 
deformation  and  the  number  of  load  repetitions  show  a  straight  line 
relationship  on  a  log-log  plot. 

Goetz,  McLaughlin  and  Wood  (25)  give  "relationships  among  the 
factors  governing  the  load- -carrying  characteristics  of  bituminous 
mixtures  that  should  provide  a  basis  for  the  better  understanding  of 
the  properties  of  the  material."  For  sheet-asphalt  mixtures,  a 
relationship  between  maximum  unconfined  compressive  strength  and  rate  of 
deformation  and  temperature  was  found,  which  was  also  applicable  for 
bituminous  concrete  mixes.  Also,  repeated-load  tests  were  performed 
on  laboratory-prepared  specimens  as  well  as  pavement  ccras.  Relation- 
ships between  cumulative  permanent  deformation  and  number  of  load  applications 
are  given  as  a  straight  line  on  a  log-log  plot,  for  slow-cycle  tests  as 
well  as  for  rapid-cycle  tests.  The  authors  observe  that  "the  results  of 
repeated-load  tests  on  bituminous  mixtures  suggest  that  this  type  of 
test  might  provide  valuable  information  concerning  the  plastic  nature 
of  the  mixture  and,  in  addition,  give  a  measure  of  its  endurance  limit 
(18)." 

Wood  and  Goetz  (26)  give  data  on  compressive  creep  loading  of 
sand-asphalt  mixture  specimens  which  indicate  the  same  trend  as 
observed  by  Mack  (21,  22).   On  unloading,  instantaneous  recovery, 
retarded  recovery  and  permanent  deformation  were  observed.  A  Burgers' 
model  was  used  to  find  that,  in  a  restricted  sense,  the  laws  of  linear 
viscoelasticity  were  obeyed. 

Secor  and  Monismith  (27,  28)  give  data  from  tria:ial  compression 
test  results  in  creep,  stress  relaxation  and  repeated  load  for  one 
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bituminous  mixture.  Comparisons  between  predicted  data  using  a  four- 
element  model  consisting  of  Hookean  springs  and  Nevrtonian  dashpots, 
and  actual  test  data  showed  errors  less  than  30  per  cent. 

Hargett  and  Johnson  (29)  performed  Tension  and  Compression  tests 
on  specimens  k   inches  in  diameter  and  k   inches  high,  compacted  by  a 
mechanical  compactor.  They  found  that  the  two  bituminous  mixtures 
were  quite  sensitive  to  elongating  deformation.   It  was  found  that  an 
elongating  deformation  of  1  inch  in  00  produced  failure,  whereas  a 
deformation  of  1  inch  in  20  produced  failure  in  compression. 

Krokosky  ( 30 ) presents  curves  for  the  non-linear  characteristics 
(for  linear  characteristics,  the  mechanical  model  should  consist  of 
only  linear  springs  and  dashpots  filled  with  a  Newtonian  fluid)  of 
asphalt/aggregate  compositions.  He  attempted  to  separate  the  non- 
linear effects  from  the  linear  effects. 

Pister  and  Moni smith  (31)  emphasize  the  importance  of  time- 
dependent  material  properties  and  loading  conditions  in  pavement 
design  methods.  Data  are  given  showing  visco-elastic  behavior  of 
bituminous  mixtures  under  different  types  of  loading.   Some  mechanical 
models  are  discussed  in  representing  the  visco-elastic  material  properties. 

Monismith  and  Secor  (32)  in  continuation  of  their  earlier  work 
in  the  field,  applied  viscoelastic  analysis  to  the  prediction  of 
deflections  of  slabs  made  of  a  test  mixture  and  placed  under  static 
loading  on  an  elastic  foundation.  Discrepancy  was  found  to  exist  between 
theory  and  experimental  data,  but  it  was  attributed  to  the  fact  that 
the  analysis  was  based  on  a  simple  extension  of  elastic  theory. 

Papazian  (33)  expresses  visco-elastic  stress-strain  laws  with 
the  coefficients  called  the  complex  moduli  of  the  material,  considered 
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fundamental  material  constants,  based  on  the  assumption  that  asphaltic 
concrete  is  linearly  visco-elastic.  Regarding  his  data,  the  author 
says  "for  the  levels  of  stress  used  in  these  tests,  asphaLtic  concrete 
is  a  reasonably  linear  material."  Dynamic  tests  were  run  on  unconfined 
cylindrical  specimens  by  subjecting  them  to  sinusoidal  stresses  of 
several  amplitudes  and  frequencies  and  the  resultant  axial  and 
circumferential  strains  studied.  Electrical  strain  gages  (SR-U)  were 
used  to  measure  the  axial  and  circumferential  strains.  Also,  static 
tests  were  run  on  unconfined  specimens  to  determine  the  complex  moduli . 
Under  "Interpretation,"  the  author  says  "when  the  stresses  become 
excessive,  or  when  the  deformations  are  not  small,  ultimate  strength 
concepts  may  have  to  be  used  in  the  evaluation  of  a  given  material. 
Such  an  evaluation  may  involve  the  determination  of  the  shearing 
strength  of  the  material,  as  defined  by  cohesion  and  angle  of  internal 
friction." 

Davis,  Krokosky  and  Tons  (3M  give  the  rheological  properties  of 
asphaltic  concrete  by  tension  tests  at  constant  strain  rates.  Tension 
tests  were  run  on  cylindrical  specimens  2  inches  in  diameter  and 
5  inches  high  at  three  asphalt  contents,  four  temperatures  ranging  from 
-20°F  to  +120°F  and  three  different  strain  rates.  It  was  concluded 
by  the  authors  that  the  bituminous  mixtures  showed  non-linear  visco- 
elastic  behavior.  A  method  of  evaluation  of  non-linearity  is  presented. 

Huang  (35)  continued  the  work  of  Wood  and  Goetz  (26)  to  find  the 
influence  of  type  and  amount  of  bitumen,  level  of  stress  and  density 
on  the  deformation  characteristics  of  sand-bitumen  mixtures  under 
constant  compressive  stress.  A  hypothesis  is  put-  forward  which  says 
that  the  deformation  of  a  bituminous  mixture  under  constant  stress  is 
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comprised  of  two  parts,   l)  "work-hardening  deformation"  which  strengthens 
the  specimen  and  which  is  present  under  low  levels  of  stress  or  short 
loading  times  and  2)  "work- softening  deformation"  which  weakens  the 
specimen  and  which  is  present  under  high  levels  of  stress  and  long 
loading  times.  Expressions  for  these  two  types  of  deformations  are  given 
separately  in  terms  of  stress,  time  and  constants.  An  expression  for 
the  total  deformation  is  also  given. 

Monismith,  Secor,  and  Secor  (36)  in  this  study  deal  with  the 
investigation  of  the  development  of  thermal  stresses  and  deformations 
in  asphalt  concrete,  under  controlled  conditions.  Creep  tests  in 
tension  at  constant  temperature  as  well  as  variable  temperatures  were 
performed,  among  other  tests.  It  was  found  that  the  material  can  be 
considered  thermorheologically  simple  (i.e.,  the  relaxation  modulus 
curves  are  shifted  only  along  the  time  axis  by  a  temperature  change), 
at  least  to  a  first  approximation.  It  was  found  possible  to  predict 
stresses  or  deformations  resulting  from  temperature  changes  by  creep 
data  using  visco-elastic  theory.  Also,  thermal  stresses  in  a  slab 
were  determined  knowing  the  temperature  distribution,  coefficient  of 
thermal  expansion  and  relaxation  modulus  for  various  temperatures. 

It  appears  from  this  review  of  the  literature  that  the  determination 
of  fundamental  properties  of  bituminous  mixtures,  independent  of  any 
boundary  conditions  on  the  material,  is  being  increasingly  emphasized. 
This  is  a  step  in  the  right  direction  towards  a  rational  design  of 
bituminous  mixtures  to  replace  the  current  empirical  methods. 

However,  most  of  the  research  work  done  recently,  with  the 
objective  of  finding  the  fundamental  properties  of  the  material,  is 
based  on  the  theory  of  visco-elasticity.  Various  attempts  have  been 
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made,  assuming  the  asphalt- aggregate  mixture  as  a  linearly  visco-elastic 
material  to  find  stress-strain  laws  by  fitting  data  in  one-dimensional 
models  consisting  of  Hookean  springs  and  Newtonian  dashpots.  It  is  now 
well-known  that  an  asphalt -aggregate  mixture  is  not  a  linearly  visco- 
elastic  material,  and  no  single  model  has  thus  far  been  found  which 
predicts  the  behavior  of  bituminous  mixtures  accurately. 

At  this  stage  of  our  knowledge  of  the  material,  a  more  fundamental 
approach  to  the  problem  seems  desirable.   One  can  start  from  the 
completely  general  two-dimensional  equations  of  motion  derived 
from  Newton's  second  law  of  motion.  These  two  equations  contain  five 
unknowns.  Hence,  if  three  more  equations  relating  the  unknowns  can  be 
found,  a  two-dimensional  deformable  system  of  any  bituminous  mixture 
may  be  rendered  completely  solvable. 
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OUTLINE  OF  THE  INVESTIGATION 
This  investigation  was  undertaken  with  a  view  to  finding  basic 
material  constants  for  bituminous  mixtures  under  load  which  would  be 
independent  of  the  type  of  test  and  any  boundary  conditions  imposed  on 
the  material. 

A  fundamental  approach  to  the  problem,  by  starting  with  the  completely 
general  equations  of  motion  of  a  two-dimensional  def ormabie  system 
(Appendix  A),  appeared  to  be  the  most  appropriate  line  of  attack.  To 
render  this  two-dimensional  def ormabie  system  solvable,  relevant 
errperimental  data  had  to  be  obtained  for  which  some  preliminary 
investigations  as  to  the  type  of  tests  and  the  measurements  involved 
therein  had  to  be  carried  out. 

This  section  deals  with  the  precise  purpose  of  the  study,  its 
scope  and  the  various  testing  methods  used  in  the  preliminary  investigation. 

Purpose 

The  precise  purpose  of  this  study  was  to  determine  and  verify 
material  constants  which  would  be  independent  of  the  type  of  test  and 
to  derive  independent  stress-strain  relationships  which  are  necessary  to 
render  a  two-dimensional  system  of  the  sheet-asphalt  mixture  solvable. 

Starting  with  the  two  equations  of  motion  in  two  dimensions 
containing  five  unknowns,  three  more  independent  equations  relating  the 
unknowns  needed  to  be  obtained.  To  achieve  this,  relevant  experimental 
data  were  obtained  and  applied  to  relate  stresses  with  strains  as  functions 


18 


of  time,  temperature  and  material  constants. 

The  material  constants  obtained  in  this  way,  if  indeed  they  are 
constants,  should  be  independent  of  the  type  of  test  or  any  boundary 
conditions  imposed  upon  the  material,  and  therefore,  capable  of 
verification. 

Scope 

This  investigation  is  limited  to  a  laboratory  study  of  a  sheet- 
asphalt  mixture  (Appendix  D) .  This  fine-graded  mixture  was  selected 
to  approach,  as  closely  as  possible,  a  homogeneous  and  isotropic 
condition  required  for  the  application  of  the  afore-mentioned  theory. 

The  material  was  tested  for  the  evaluation  of  constants,  at 
three  temperatures:  kO   F,  77  F  and  100  F.  These  temperatures  cover 
the  range  which  available  equipment  provided.  From  a  pr?_ctical  stand- 
point, tests  at  these  three  temperatures  should  be  sufficient  for  the 
evaluation  of  theoretical  considerations. 

The  material  constants  as  determined  from  one  type  of  test  are 
compared  with  those  determined  from  other  tests. 

Methods  of  Testing 
In  order  to  obtain  three  equations  required  for  completely 
solving  the  afore-mentioned  two-dimensional  deformable  system,  relevant 
experimental  data  had  to  be  obtained  from  different  types  of  tests. 
For  this  purpose  two  different  laboratory  tests,  viz.  Uniaxial  Tension 
and  Simple  Shear  tests,  were  chosen.  To  verify  the  material  constants, 
as  obtained  from  these  tests,  a  third  type  of  test,  viz.  Axial 
Compression  test,  was  chosen.  The  considerations  for  the  choice  of 
these  tests  and  the  experimental  techniques  employed  therein  are  given 
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below  under  separate  headings  for  each  test. 

Uniaxial  Tension  Tests 

To  evaluate  the  material  constants  expected  to  be  found  in  the 
relationships  between  normal  stress  and  strains  along  and  at  right 
angles  to  the  direction  of  application  of  stress,  a  Uniaxial  Tension 
test  was  chosen.  This  was  done  because  in  such  a  test  the  shear  stresses 
are  zero  and  the  material  is  intended  to  be  subjected  to  normal  tensile 
stresses  only. 

Under  constant*  tensile  stress,  at  a  constant  temperature,  the 
strains  in  the  material  were  determined  with  time.  A  cylindrical 
specimen  two-inches  in  diameter  and  four-inches  high  was  subjected  to 
constant  stress  and  the  elongation  per  inch  as  well  as  decrease  in  radius 
per  inch  x-/as  noted  with  time.  To  avoid  the  end-effects,  the  measurement 
of  strains  in  the  middle  portion  of  the  specimen  was  desirable.  Also, 

to  minimize  the  errors  due  to  any  possible  eccentricity  in  the  application 

o 
of  load,  both  the  strains  were  measured  at  locations  loO  apart  in  the 

middle  portion  of  the  specimen  and  their  mean  taken.  In  this  way,  by 

measuring  the  elongation  of  the  middle  one-inch  portion  and  the 

reduction  in  diameter  at  the  middle,  plots  of  the  axial  strain  versus 

time  and  lateral  strain  versus  time,  at  constant  tensile  stress, 

were  obtained.  By  repeating  the  above  procedures  for  different 


* 

In  the  absence  of  information  about  the  actual  stress  distribution  in 

the  specimen,  a  uniform  stress  distribution  over  the  cross-section  has 
been  assumed.  Under  a  constant  tensile  load,  as  the  diameter  of 
specimen  decreases  with  time,  the  tensile  stress  increases  correspondingly. 
This  increase  in  tensile  stress,  however,  is  very  slight  as  is  discussed 
under  "Discussion  of  Uniaxial  Tension  Test  Results."  In  the  following 
pages,  by  "Stress"  is  meant  the  nominal  stress  i.e.,  total  load  divided 
by  original  cross- sectional  area  of  the  specimen. 
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temperatures,  the  relationships  betweeen  normal  stress  and  the  axial  snd 
lateral  strains  were  obtained  as  functions  of  time  and  temperature  and 
material  constants  evaluated. 

The  measurement  of  strains  had  to  be  done  very  carefully  so  as  to 
make  sure  that  the  observed  strains  were  really  the  actual  strains  in 
the  material.  As  a  preliminary  study,  the  following  techniques  of 
measuring  strains  (37)  were  explored: 

1.  Electrical  strain  gage  (SR-i4) 

2.  Optical  strain  gage  (Tuckerman  strain  gage) 

3.  Printing  a  grid  on  specimen 

4.  "Photostress"  technique 
5-  Mechanical  strain  gages 

The  electrical  strain  gages  (SR-4)  were  found  not  to  be  satisfactory 
for  the  following  reasons:  First,  it  was  found  that  the  portion  of 
the  specimen  treated  with  cementing  material  was  considerably  stiffened 
compared  to  the  rest  of  the  specimen  surface.   Since  the  strain  is 
measured  over  this  stiffened  material,  it  is  not  the  true  strain  in  the 
actual  material  as  desired.   Second,  strains  over  3/^  percent  could  not 
be  measured  satisfactorily  because  the  gages  seemed  to  start  peeling  off 
at  that  strain. 

The  Tuckerman  optical  strain  gage  was  found  to  be  much  more 
satisfactory  and  accurate  (readings  up  to  2  ::  10"  inch  could  be  observed) 
It  had  the  advantage  over  the  electrical  strain  gage  in  the  fact  that  the 
material  over  which  the  strain  was  to  be  measured  was  unaffected.  For 
the  axial  strain  measurements,  a  base  length  of  one  inch  was  used, 
while  for  lateral  strain,  the  maximum  base  length  that  could  be  used 
was  one-half  inch.  A  base  length  of  one-fourth  inch  was  found  to  be 
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unstable  at  least  for  the  specimen  tested.  The  gages  were  mounted  on 
the  specimen  by  springs  or  rubber  bands.  Thus,  to  have  four  gages  (two 
for   the  axial   strain,  l8o°  apart,  and  two  for  lateral  strain  l8o° 
apart)  in  the  middle  portion  of  the  specimen  was  not  possible.  Hence 
the  use  of  Tuckerman  optical  strain  gages  was  given  up . 

In  the  grid  method  of  strain  analysis  a  grid  with  100  or  more  lines 
per  inch  is  printed  on  the  specimen  so  that  the  change  in  length  of  sides 
of  a  printed  square  along  and  at  right  angles  to  direction  of  application 
of  stress  can  be  noted.  The  grid  is  printed  on  the  specimen  by  spraying 
a  photosensitive  material  over  the  specimen;  putting  a  negative  of  the 
grid  in  contact  with  the  specimen  and  thus  printing  it  by  a  photographic 
process.  This  method  seems  to  have  some  promise  and  has  the  advantage 
of  possibly  measuring  the  relative  movement  of  discreet  aggregate  particles 
in  the  mix  compared  to  the  matrix.  The  observations  with  time  could  be 
recorded  as  a  series  of  pictures  of  the  deforming  grid  on  the  loaded 
specimen.   However  the  method  could  not  be  adopted  for  this  study  as  the 
process  of  printing  a  grid  on  a  circular  surface  is  a  highly  specialized 
one  and  could  not  be  accomplished  locally. 

The  photostress  method  consists  in  applying  a  reflective  aluminum 
paint  over  the  surface  of  the  specimen  and  putting  a  photo-elastic 
transparent  material  over  it.  Polarized  light  is  thrown  over  the  photo- 
stress  material  and  the  amount  of  strain  determined  by  matching  the 
observed  color  with  standard  colors.  This  method  has  the  disadvantage 
of  giving  only  the  difference  between  the  axial  and  the   lateral  strains 
and  not  these  strains  independently. 

Of  the  mechanical  methods  available,  Huggenberger  Extensometers  were 
tried  but  were  found  unsuitable  for  this  material  and  for  this  particular 
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set-up  which  required  four  extensometers  in  the  middle  portion  of  the 
specimen. 

A  new  simple  mechanical  device  was  developed,  as  explained  in  detail 
later,  which  worked  very  satisfactorily.  This  consisted  of  levers  with 
pointed  ends  contacting  the  specimen  and  hinged  for  minimum  friction. 
The  hinges  acted  as  fulcrums  for  the  levers.  Deformation  of  the 
specimen  at  the  point  in  contact  with  the  pointed  end  of  the  lever  was 
recorded  by  a  dial  indicator  attached  to  the  lever  end  away  from  the 
specimen.  Axial  strain  in  the  middle  portion  of  the  specimen  was 
determined  by  the  difference  in  deformations  recorded  by  dial  indicators 
attached  to  the  levers  1  inch  apart  vertically.  The  readings  of  the 
dial  indicators  were  estimated  up  to  0.00005  inch.  Change  in  diameter 
at  mid-height  of  specimen  was  recorded  by  dial  indicators  with  their 
extensions,  machined  to  fit  the  curved  surface,  resting  directly  on 
the  specimen  surface. 

Simple  Shear  Tests 

To  evaluate  the  material  constants  expected  to  be  found  in  the 
relationships  between  shear  stress  and  shear  strain,  a  Sonple  Shear 
test  was  chosen.  This  was  done  because  in  a  Simple  Shear  test  the 
normal  stresses  are  zero,  and  the  material  is  intended  to  be  subjected 
to  shear  stress  only.  Under  constant  shear  stress,  at  a  constant 
temperature,  the  shear  strains  in  the  material  can  be  determined  with 
time. 

By  definition,  shear  strain  is  the  change  which  a  right  angle 
undergoes  from  the  unstrained  position.  Based  on  this,  the  first 
attempt  to  conduct  a  Simple  Shear  test  was  to  make  a  specimen  two  inches 
square  in  cross -section  with  a  3/l6  inch  square  hole  in  the  center. 
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The  specimen  was  subjected  to  pure  shear  by  cementing  two  opposite  faces 
to  steel  plates,  fixing  one  and  pulling  the  other  with  a  constant  load. 
The  measurement  was  to  be  made  by  observing  the  change  in  the  right 
angle  of  the  hole  with  time.   However,  it  was  found  extremely  difficult 
to  measure  the  angle  with  an  accuracy  of  even  one  minute  of  arc  because 
the  sides  of  the  square  hole  were  not  smooth  enough.  The  change  in  the 
angle  also  could  be  measured  indirectly  by  measuring  the  change  in  the 
lengths  of  the  sides  and  the  diagonal  of  the  square  hole.  This  involved 
very  cumbersome  calculations  for  each  of  the  many  observations  to  be 
taken  at  frequent  intervals  of  time  for  each  test. 

A  simpler  and  more  direct  means  of  determining  shear  strain  as  a 
function  of  time  under  constant  stress  was  achieved  by  forming  a 
specimen  of  appropriate  thickness,  fixing  one  face,  and  pulling  the  other 
parallel  face  under  constant  load.   In  deciding  upon  the  thickness  of 
specimens  for  these  Simple  Shear  tests,  the  following  points  were  considered: 

1.  Minimum  amount  of  bending  while  the  specimen  is  being  subjected  to 
simple  shearing  stress. 

2.  Hon-interference  of  particles  within  the  specimen. 

3-  Practicability  of  fabricating  specimens  with  uniformity  or 

homogeneity  of  compacted  materials. 
h.     Ability  to  record  the  dilation  of  the  specimen  while  undergoing 

shearing  strain. 
To  take  the  above-mentioned  points  into  consideration,  specimens 
four  inches  long  and  two  inches  wide  with  varying  thicknesses,  viz. 
2,  1,  1/2,  3/8,  5/1 6  and  1/h   inches  were  subjected  to  constant  shear  stress. 
This  was  done  by  cementing  a  steel  plate  to  each  face  of  the  specimen 
with  a  formulation  of  epoxy  resins  and  curing  agent  (See  Appendix  B). 


2k 

One  of  the  steel  plates  was  held  in  a  fixed  position  and  the  other  was 
pulled  by  a  constant  dead  load.  The  deformation  with  time  of  the  movable 
plate  in  the  direction  of  load  application  was  recorded  in  1/10,000  inches. 
A  plot  of  the  deformation  of  the  movable  plate  vs.  thickness  at  different 
times  is  shown  in  Figure  1. 

It  can  be  seen  from  this  plot  that  the  amount  of  bending  moment 
induced  in  the  specimen  increases  with  increasing  thickness.  Thus,  to 
minimize  bending  and  approach  the  conditions  of  a  pure  shear  test  as 
closely  as  possible,  the  minimum  practical  thickness  of  specimen  should 
be  adopted. 

For  many  purposes  it  is  considered  that  the  minimum  dimension  of 
a  test  specimen  should  be  no  less  than  three  times  the  maximum  size,  of 
aggregate  in  the  text  mixture.   The  largest  size  fraction  of  aggregate 
in  the  test  mixture  passed  a  No.  8  sieve  (with  an  opening  of  0.0937  inch) 
and  was  retained  on  a  No.  l6  sieve.  This  fraction  constitutes  only  7 
percent  by  weight  of  mixture.  With  a  specimen  thickness  of  1/4  inch, 
the  maximum  size  of  aggregate,  according  to  the  above  rule,  comes  out 
to  be  0.08^  inch.   Since  only  1  l/2  percent  of  the  particles  in  the 
test  mixture  were  above  this  size,  which  is  not  significant  as  far  as 
the  interference  of  particles  is  concerned,  and  since  it  did  not  seem 
practicable  to  compact  material  uniformly  at  thicknesses  less 
than  1/4  inch,  this  thickness  was  used. 

Dilation  measurements  of  the  test  specimen  were  attempted  by 
measuring  the  movement  of  the  plate  in  a  direction  at  right  angles  to 
the  direction  of  load  application.   In  case  of  the  1/4  inch  thick 
specimen,  this  deformation  was  considered  to  be  negligible. 
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Axial  Compression  Teste 
In  an  attempt  to  verify  the  material  constants,  as  obtained  from 
the  Uniaxial  Tension  and  Simple  Shear  tests,  a  direct  compression  test 
was  performed.   In  order  to  study  the  deformation  of  an  element  of  the 
material,  it  seemed  desirable  to  subject  a  hollow  cylinder  of  the  same 
mixture  as  used  for  tension  and  shear  specimens  to  constant*  compressive 
stress.   The  deformations  of  the  material  can  be  observed  both  in  the 
axial  as  well  as  the  lateral  direction  by  noting  the  deformations  on 
the  insiue  as  well  as  the  outside  of  the  hollow  cylinder.  The  same 
instrumentation  as  developed  for  measuring  axial  deformations  for 
specimens  in  Uniaxial  Tension  tests  was  applicable  for  axial  deformation 
in  these  tests  also.   For  measuring  the  change  in  inside  diameter,  a 
modification  of  this  lever  system  using  dial  indicators  was  used. 


* 
The  compressive  stress  distribution  over  the  cross-section  of  a  specimen 

has  been  assumed  to  be  uniform  in  the  absence  of  information  about  the 

actual  distribution.   Under  constant  load,  the  area  of  cross-section 

increases  with  time,  the  increase  being  maximum  in  the  middle,  with  the 

result  that  the  magnitude  of  the  compressive  stress  decreases.  This 

decrease  in  compressive  stress,  however,  is  very  small,  as  discussed  under 

the  ''Discussion  of  Axial  Compression  Test  Results".  By  "Stress"  is  meant 

"Nominal  Stress",  i.e.,  total  load  divided  by  the  original  area  of  the 

cross-section. 
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PROCEDURE  AMD  EQUIPMENT 
The  procedures  followed  and  the  equipment  used  in  this  study  are 
divided  into: 

1.  Uniaxial  Tension  Tests 

2.  Simple  Shear  Tests 

3.  Axial  Compression  Tests 

The  details  concerning  the  preparation  of  specimens,  their  capping  or 
cementing  to  steel  plates,  curing  and  testing  are  given  in  Appendix B  . 
In  this  section,  a  general  description  of  the  specimens  and  their 
testing  is  given  for  the  above-mentioned  tests. 

Uniaxial  Tension  Tests 


The  Uniaxial  Tension  tests  were  performed  on  2  inch  diameter  by 
h   inch  high  cylindrical  specimens  of  the  sheet  asphalt  mixture .  The 
specimens  were  compacted  by  the  double -plunger  method  in  a  hydraulic 
compaction  device.  A  typical  cylindrical  specimen,  together  with  the 
split  mold  and  two  plungers  used  for  molding  the  specimen,  are  shown 
in  Figure  2.  The  compaction  of  a  specimen  in  the  hydraulic  compaction 
device  is  shown  in  Figure  3-  The  specimen  was  cemented  to  caps  at  its 
ends  by  a  formulation  of  epoxy  resins  the  composition  of  which  is 
given  in  Appendix  B.  In  the  capping  operation,  special  care  had  to  be 
taken  so  the  caps  would  be  properly  aligned,  vertically  and  horizontally, 
with  the  axis  of  the  specimen  so  as  to  avoid  eccentricity  in  loading. 
This  was  done  by  keeping  the  specimen  within  a  tight-fitting  split  block, 
machined  to  fit  the  specimen  with  caps  in  position,  while  the  epoxy  was 


FIG.  2       UNIAXIAL     TENSION       TEST     SPECIMEN 
WITH      SPLIT      MOLD     AND     PLUNGERS 


FIG.   3.     DOUBLE         PLUNGER 
COMPACTION       DEVICE 
WITH       MOLD      AND 
PLUNGERS     IN     POSITION 


,• 


FIG.  4.    CAPPED      TENSION       TEST      SPECIMEN 
WITH       SPLIT      ALIGNING      BLOCK, 
CAPS     AND      HAND      LEVEL 
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Figure  5.  Diagrammatic  Sketch  Shc.rt.ng  Instrumentation  of  a  Uniaxial 
Tension  Test. 


FIG.  6. 
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Figure  7.  Typical  Data  Sheet  for  Uniaxial  Tension  Test 
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in  the  process  of  setting.  The  lower  cap  was  machined,  to  fit  in  the 
testing  set-up  and  the  upper  cap  had  a  hole  machined  exactly  in  the  center 
to  receive  a  swivel  for  loading  the  specimen.  A  capped  specimen,  along 
with  the  split  block  and  caps  is  shown  in  Figure  4. 

A  diagrammatic  sketch  of  the  testing  set-up  is  given  in  Figure  5 
and  a  test  in  progress  is  shown  in  Figure  6. 

The  axial  deformations  in  the  specimen  subjected  to  a  constant 
tensile  stress  were  measured  by  dial  indicators  and  hinged  levers  with 
pointed  endr  contacting  the  specimen,  as  shown  in  Figures  5  and  6.  The 
deformations  of  the  levers,  capable  of  rotating  about  the  hinge  acting 
as  a  fulcrum,  were  measured  by  dial  indicators  with  a  0.0001  inch  least 
division  with  readings  estimated  to  one-half  of  these.  The  total  axial 
deformations  were  also  measured  by  dial  indicators  of  the  same  accuracy. 
The  decrease  in  diameter  of  the  specimen  was  measured  by  similar  dial 
indicators  but  had  their  extension  ends  machined  to  fit  the  curved  surface 
of  specimen. 

The  typical  data  sheet  shown  in  Figure  7  gives  the  readings  of 
different  dial  indicators  at  various  intervals  of  time  (without  the 
deformations  calculated  from  them).  A  typical  plot  of  the  deformations 
at  different  points  along  the  height  of  specimen  Z,  at  different  times 
during  the  test  is  given  in  Figure  3. 

Simple  Shear  Tests 
The  Simple  Shear  tests  of  the  sheet  asphalt  mixture  were  performed 
on  rectangular  specimens  k   inches  long,  2  inches  deep  and  1/k   inch  thick. 
The  specimens  were  compacted  by  the  double -plunger  method  in  the 
same  hydraulic  compaction  device  and  to  the  same  density  as  used  for 
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FIG.  9.     TYPICAL       SIMPLE        SHEAR       TEST 

SPECIMENS      WITH      FORMING      MOLD 
AND      PLUNGERS 
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Figure  10.     Diagrammatic  Sketch  Showing  Instrumentation  of  a  Simple 
Shear  Test. 


FIG.  II.       A       SIMPLE       SHEAR         TEST        IN 
PROGRESS 
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Data  Sheet 


Simple  Shear  Test 


Dial  indicators  I  and  II  were  placed  equally  distant  from  the  center 

of  the  movable  plate  as  shown  in  Figure  11. 
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Figure  12.  Typical  Data  Sheet  for  Simple  Shear  Test 
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Uniaxial  Tension  test  specimens.  A  typical  specimen  along  with  the  split 
mold,  and  plungers,  is  shown  in  Figure  9.  The  specimen  was  cemented  to 
steel  plates  on  its  para.11.el  faces  using  the  same  composition  of  epoxy 
resins  as  used  for  Uniaxial  Tension  tests.  A  specimen  so  prepared  also 
is  shown  in  Figure  9.  The  steel  plates  were  made  parallel  to  each  other 
by  the  use  of  a  hand  level. 

A  diagrammatic  sketch  of  the  testing  set-up  for  the  Simple  Shear 
test  is  shown  in  Figure  10.  One  of  the  steel  plates  was  fixed  in 
position  by  bolting  it  to  the  fixed  base  plate.  The  other  movable  steel 
plate  was  subjected  to  a  constant  load  applied  through  a  swivel  to  avoid 
any  bending.  The  deformation  of  the  movable  plate  was  recorded  by  two 
0.0001-inch  dial  indicators  placed  at  equal  distance  from  the  center  of 
the  plate  or  point  of  application  of  load.  A  test  in  progress  is  shown 
in  Figure  11.  A  typical  data  sheet  is  shown  in  Figure  12.  Each  test 
was  carried  out  for  about  two  hours  or  until  the  time  when  failure  was 
first  indicated  by  the  observation  of  cracks,  whichever  was  shorter. 

Axial  Compression  Tests 
The  Axial  Compression  tests  were  performed  on  hollow  cylinders 
of  the  sheet  asphalt  mixture  compacted  to  the  same  density  as  that  of 
Uniaxial  Tension  or  Simple  Shear  test  specimens.  The  specimens  were 
h   inches  high  with  a  2-inch  outside  diameter  and  1-inch  diameter  hole. 
The  split  mold  and  plungers  as  used  for  Uniaxial  Tension  test  specimens 
were  used  for  these  specimens  also  with  slight  modifications.  One 

* 

plunger  was  fitted  with  a  1-inch  diameter  rod  coming  out  of  it  in  the 
center  and  the  other  was  provided  with  a  corresponding  hole  to 


til 

accommodate  the  rod.  The  specimen  was  compacted  by  the  double -plunger 
method.  A  compacted  hollow  cylindrical  specimen  with  split-mold  and 
plungers  is  shown  in  Figure  13- 

A  diagrammatic  sketch  of  the  testing  set-up  for  the  compression 
test  is  shown  in  Figure  ik.     The  hollow  cylindrical  specimen  was  placed 
on  a  hollow  steel  cylinder,  fitted  with  two  levers  hinged  at  their 
mid-lengths  symmetrically  about  the  axis.  The  upper  ends  of  these 
levers  were  machined  to  fit  the  curved  surface  of  the  hole  and  the 
lower  ends  were  located  in  front  of  small  circular  holes  provided 
in  the  steel  cylinder.  Dial  indicators,  with  their  extensions  going 
into  these  holes  pressed  against  the  lower  ends  of  the  levers.  This 
made  the  upper  ends  of  the  levers  press  against  the  curved  surface 
of  hole  at  mid-height  of  specimen.  Increase  in  the  internal  diameter 
of  the  specimen  at  its  mid-height  was  thus  recorded  by  the  dial  indicators. 
Change  in  the  outside  diameter  was  recorded  by  dial  indicators  in  the 
same  way  as  described  for  the  Uniaxial  Tension  tests.  The  change  in 
the  external  and  internal  diameters  gave  the  change  in  thickness  of 
specimen  per  inch  which  in  turn,  gave  the  circumferential  strain.  The 
axial,  strain  in  the  middle  1-inch  length  of  specimen  was  determined 
exactly  in  the  same  way  as  described  for  Uniaxial  Tension  tests. 

The  hollow  steel  cylinder  with  hinged  levers  is  shown  in  Figure  15. 
Also  shown  are  the  steel  discs  with  lubricated  steel  balls  used  at 
the  ends  of  the  assembly  and  a  clamp  to  hold  the  specimen  in  position 
with  the  steel  cylinder. 

In  Figure  16,  the  entire  assembly  is  shown  ready  for  test.  A 
typical  data  sheet  for  an  Axial  Compression  test  is  given  in  Figure  17. 


FIG.  13.  HOLLOW  CYLINDRICAL  SPECIMEN 
FOR  AXIAL  COMPRESSION  TEST 
WITH      SPLIT     MOLD    AND     PLUNGERS 
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Figure  Ik.     Diagrammatic  Sketch  Showing  Instrumentation  for  Change  in 
Thickness  Measurements  in  Axial  Compression  Test. 


FIG.  15.    HOLLOW       CYLINDRICAL      SPECIMEN 
WITH      APPURTENANCES     USED     FOR 
AXIAL     COMPRESSION      TEST 


FIG.  16.     AXIAL     COMPRESSION 
TEST      IN      PROGRESS 
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TEST  RESULTS  AND  DISCUSSION 
The  following  is  the  outline  of  different  types  of  tests  performed 
in  this  investigation  including  observations  recorded  under  the  influence 
of  different  variables: 

I.   Uniaxial  Tension  Tests 

a.  Axial  deformations  observed  with  the  following 
variables: 

1.  Applied  tensile  stress 

2.  Temperature 
3-   Time 

b.  Circumferential  deformations  observed  with 
the  following  variables: 

1.  Applied  tensile  stress 

2.  Temperature 

3.  Time 

II.   Simple  Shear  Tests 

a.   Shearing  strain  observed  with  the  following 
variables: 

1.  Applied  shear  stress 

2.  Temperature 

3.  Time 

III   Axial  Compression  Tests 

a.  Axial  deformations  observed  with  the  following 
variables: 

1.  Applied  compressive  stress 

2.  Temperature 


k8 


3.  Time 

b.  Circumferential  deformations  observed  with  the 
following  variables: 

1.  Applied  compressive  stress 

2 .  Temperature 

3.  Time 

This  outline  is  followed  in  presenting  results  in  both  graphical  and 
tabular  forms. 
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Uniaxial  Tension  Test  Results 

In  the  Uniaxial  Tension  tests,  the  axial  and  circumferential  deformations, 
under  different  constant  applied  stresses  and  at  different  temperatures, 
were  observed  with  time.  Strains  in  the  middle  portion  were  calculated 
from  deformations. 

In  Figures  18,  19  and  20,  the  axial  strains  have  been  plotted  against 
time  on  a  log-log  scale  for  the  constant  tensile  stresses,  as  indicated 
on  the  figures  and  at  ^0  F,  77  F  and  100  F,  respectively.  The  results 
plotted  on  these  figures  are  tabulated  in  Table  1.   In  this  Table,  the 
axial  strain  at  one  minute  and  the  slope  of  the  plot  are  given  to 
characterize  each  log-log  plot.  This  has  been  done  because  the  relation- 
ship between  axial  strain  (€z)  and  time  (t)  for  the  straight  line  portion 
of  the  plot  can  be  written  as  log£  =  log  k,  +  k,_  log  t  where  constant 

s         1     d 

k0  is  the  slope  of  the  line  and  constant  k  =  €  at  t  =  1  min. 

The  ratio  of  the  change  in  diameter  to  the  original  diameter  being 
equal  to  the  ratio  of  change  in  circumference  to  original  circumference, 
the  observed  change  per  inch  of  diameter  of  the  specimen  has  been  termed 
"circumferential  strain". 

The  log-log  plots  of  circumferential  strain  vs.  time  for  the  constant 
tensile  stresses  as  indicated  on  the  figures  and  at  toF,  77  F  and  100  F 
are  given  in  Figures  21  to  23  and  the  results  are  tabul.  ted  in  Table  2. 
The  circumferential  strain  at  one  minute  and  the  slope  of  the  straight 
line  portion  of  the  log-log  plot  have  been  used  to  characterize  each 
plot  for  the  same  reasons  as  explained  for  Table  I. 
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UNIAXIAL     TENSION      TEST    RESULTS 

AXIAL   STRAIN    vs.    TIME 
CURVES 
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UNIAXIAL    TENSION    TEST    RESULTS 

AXIAL   STRAIN     vs.    TIME 
CURVES 

TEMPERATURE=  77°F 
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UNIAXIAL    TENSION    TEST   RESULTS 

AXIAL     STRAIN     vs.  TIME 
CURVES 
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UNIAXIAL  TENSION  TEST  RESULTS 

CIRCUMFERENTIAL     STRAIN    vs.      TIME 

CURVES 


TEMPERATURE  =    40°F 
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FIG.   21 
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UNIAXAL  TENSION  TEST  RESULTS 

CIRCUMFERENTIAL    STRAIN     vs. 
TIME      CURVES 

TEMPERATURE   =    77°F 
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UNIAXIAL  TENSION  TEST   RESULTS 

CIRCUMFERENTIAL     STRAIN    vs.    TIME 

CURVES 
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Discussion  of  Uniaxial 
Tension  Test  Results 

The  log-log  axial  strain  vs.  time  curves  as  given  in  Figures  18,  19 
and  20  are  straight  lines  in  the  pre-failure  region  and  start  to  curve 
upward  as  the  specimen  starts  to  fail  and  cracks  apper^r  in  the  central 
portion  of  the  specimen.  Other  researchers,  for  example  Lee,  Warren  and 
Walters  (12),  have  obtained  similar  deformation  -  time  curves  on  a  log- 
log  plot.  They,  however,  plotted  only  the  over-all  specimen  deformation 
under  tension  and  did  not  measure  the  strain  in  the  material  without  the 
end  effects  influencing  the  results. 

The  results  tabulated  in  Table  1  give  some  interesting  points  about 
the  behavior  of  the  material  under  constant  stress.  First,  at  constant 
temperature,  the  axial  strain  at  one  minute  aoes  not  vary  proportionally 
with  the  tensile  stress.  This  becomes  very  apparent  by  comparing  the 
strains  at  one  minute  under  the  highest  and  lowest  stresses  to  which  the 
specimen  had  been  subjected  at  any  constant  temperature.   With  increasing 
stress,  at  constant  temperature ,  the  deviation  of  proportionality  between 
stress  and  strain  at  one  minute  also  increases. 

With  increasing  temperature,  the  deviation  from  proportionality 
of  stress  to  strain  at  one  minute  increases  also.  As  can  be  seen  from 
results  of  tests  carried  out  at  40  F,  the  strain  at  one  minute  under 
lo.^3  psi  is  2.55  x  10 ~  '   in/in.  while  the  strain  at  one  minute  under 
52.43  psi  is  9.60  x  10"  in/in.,  showing  little  deviation  from 

proportionality.  However,  at  100  F,  the  strain  at  one  minute  under  0-75 

-h 

psi  is  7.2  x  10   in/in.  while  the  strain  at  one  minute  under  2.kj  psi 

is  60  x  10" r  in/in.,  showing  considerable  deviation  from  proportionality 
between  stress  and  strain  at  one  minute  at  this  higher  temperature. 
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These  results  indicate  that  the  sheet  asphalt  mixture  under  test,  is  a 
non-linear  visco-elastic  material,  the  deviation  from  linearity  increasing 
with  temperature . 

Second,  the  slopes  of  the  axial  strain  vs.  time  curves  on  a  log-log 
plot  vary  with  the  applied  tensile  stress  at  constant  temperature  and 
also  with  temperature.  As  can  be  observed  from  the  tabulated  results 
in  Table  1.  the  slopes  become  steeper  with  increasing  stress  at  constant 
temperature . 

Also,  the  change  in  slope  for  a  unit  change  in  stress,  at  constant 
temperature,  increases  with  the  increasing  temperatures.  Whereas  at  ^0  F, 
the  slope  changes  from  1  in  1.80  at  52.43  psi  to  1  in  1.95  at  18.43  psi, 
the  slopes  change  from  1  in  1.3o  at  5- 43  psi  to  1  in  2.30  at  1.70  psi 
at  77°F,  and  from  1  in  2.40  at  2. 43  psi  to  1  in  4.^0  at  0.75  psi  at  100°F. 
This  further  goes  to  show  that  the  test  mixture  is  a  non-linear  visco- 
elastic  material,  the  deviation  from  linearity  increasing  with  temperature. 

A  study  of  the  change  in  slope  of  these  strain-time  curves  on  log- 
log  scales,  as  a  function  of  applied  tensile  stress  and  at  different 
temperatures,  seems  to  be  a  desirable  line  of  investigation  in  determining 
the  stress-strain  relationship  as  a  function  of  time  and  temperature. 

It  must  be  mentioned  here  that  the  tensile  stress  over  the  specimen 
cross-section  during  the  test  increases  with  time  due  to  a  decrease  in 
diameter,  but  the  change  is  very  small  as  indicated  below.  The  maximum 
circumferential  strain  recorded  before  failure  is  about  0.5/i-e.,  a 
decrease  of  2   x  0-0050  inches  in  diameter.  The  minimum  area  of  cross- 
section,  therefore,  is  jt/4  (2  -  2  x  0.005)^  =  n/4  x  (1-99)  =  3. 96  «  sq.  in. 
Maximum  increase  in  stress  -  (4/3-96  -1)  =  l"/0  which  is  negligible. 

The  circumferential  strain  (or  change  in  radius)  vs.  time  curves  (log- 
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log  scales)  as  given  in  Figures  21,  22  and  23,  are  straight  lines.  As 
the  specimen  starts  to  fail  with  cracks  appearing  in  its  middle  portion, 
the  straight  line  tends  to  curve  upward  if  measurements  for  change  in 
diameter  are  made  at  points  where  cracks  do  not  open  first.  If,  however, 
the  measurements  for  changes  in  diameter  are  made  at  points  where  cracks 
first  start  opening,  the  specimen  begins  to  fail  without  further  reduction 
in  diameter.  Only  in  Figure  23,  do  the  upper  two  straight  lines  (for 
stresses  2.43  and  1.43  psi)  tend  to  curve  upward.  The  rest  of  the 
straight  lines  remain  straight  for  reasons  explained  above. 

The  data  of  Table  2  show  that  the  deviation  from  proportionality 
between  applied  tensile  stress  and  circumferential  strain  at  o:xe  minute 
is  very  distinct  at  100  F,  but  the  results  at  40  F  and  77  F  do  not  show 
any  marked  deviation. 

The  slope  of  the  log-log  plot  of  the  circumferential  strain  vs. 
time  under  constant  tensile  stress  and  temperature  is  seen  to  become 
steeper  with  increasing  stress.  This  change  is  not  as  marked  as  it  was 
in  the  case  of  the  slopes  of  axial  strain  vs.  time  curves  on  a  log-log 
plot,  for  results  at  77  F  and  100  F.  For  example,  at  77  F,  whereas  the 
slopes  of  the  axial  strain  vs.  time  curves  on  the  log -log  plot  vary 
from  1  in  2. 30  to  1  in  l.oO  for  stresses  from  1.70  psi  to  5-^3  psi, 
the  corresponding  figures  for  circumferential  strain-time  curves  are 
1.  in  2.40  to  1  in  2.12.  The  comparable  figures  at  100  F  are  1  in  4.40 
to  1  in  2.40  for  axial  strain-time  curves  and  from  1  in  3.00  to  1  in 
2.50  for  circumferential  strain  curves. 

The  data  from  Uniaxial  Tension  tests  were  examined  to  learn 
how  the  Poisson's  ratio  for  the  sheet  asphalt  material  varies  with 
applied  stress,  time  and  temperature.  In  Figures  24,  25  and  26,  axial 
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strain  is  plotted  against  the  corresponding  circumferential  strain  at 
different  times  under  various  applied  stresses  at  40  F,  77  F  and  100  F, 
respectively.  It  can  be  seen  from  these  plots  that  at  40  F  the  Poisson's 
ratio  does  not  vary  much  with  the  applied  stress.  However,  the  Poisson's 
ratio  can  be  seen  to  decrease  with  increasing  applied  stress  at  77  F 
and  100°F 

The  above  data  show  that  the  deformation  characteristics  of  the 
mixture  are  greatly  different  at  different  temperatures.  At  40  F,  the 
mixture  behaves  almost  like  an  elastic  material  in  the  sense  that  the 
Poisson's  ratio  seems  to  be  independent  of  applied  stress  and  time.  At 
higher  temperatures,  however,  the  Poisson's  ratio  is  dependent  upon 
applied  stress  and  time. 

The  decrease  in  Poisson's  ratio  with  increasing  stress  is  probably 
due  to  the  lack  of  time  for  asphalt,  present  as  films  on  aggregate  in 
the  mixture,  to  deform  laterally  as  it  is  being  pulled  axially  at  a 
relatively  faster  rate  due  to  the  higher  applied  stress.  This  means  that 
the  higher  the  axial  strain  rate,  the  lower  will  be  the  Poisson's  ratio. 
Thus,  whereas  the  Poisson's  ratio  for  the  material  at  40  F  is  almost 
constant  at  0.43,  it  varies  from  0.44  at  1.70  psi  to  0.21  at  5.43  psi  at 
77°F  and  from  0.44  at  1.07  psi  to  0.27  at  2.43  psi  at  100°F,  at  one 
minute.  Therefore,  these  results  show  that  the  Poisson's  ratio  is  a 
function  of  applied  stress,  time  and  temperature. 

Simple  Shear  Test  Results 
In  the  Simple  Shear  tests,  the  deformation  of  the  movable  plate, 
from  which  the  shearing  strain  can  be  calculated,  was  observed  with  time 
under  different  constant  applied  stresses  and  temperatures. 
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SIMPLE      SHEAR    TEST    RESULTS 

SHEAR       STRAIN    vs.    TIME 
CURVES 
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SIMPLE    SHEAR    TEST    RESULTS 

SHEAR     STRAIN     vs.    TIME 
CURVES 
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SIMPLE      SHEAR     TEST     RESULTS 

SHEAR     STRAIN     vs.  TIME 
CURVES 
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In  Figures  27,  28  and  29  shearing  strains  at  indicated  constant 
shearing  stresses  have  been  plotted  against  time  on  a  log-log  scale  for 
tests  at  Uo  F,  77  F  and  100  F,  respectively.  The  results  as  plotted 
on  these  figures  are  tabulated  in  Table  3.   In  this  table,  the  slopes 
of  the  strain-time  curves  pertain  only  to  the  straight  line  portion  of 
the  curve.  The  shearing  strain  at  one  minute  and  the  slope  of  the 
straight  line  portion  of  the  plot  have  been  used  to  characterize  each 
plot  for  same  reasons  as  explained  for  Table  1 . 

Discussion  of  Simple  Shear  Test  Results 

The  shear  strain  of  the  specimen,  under  constant  load  and  temperature, 
plotted  against  time  on  log-log  scales  is  given  for  different  applied 
stresses  at  Uo  F,  77  F  and  100°F,  respectively  in  Figures  27,  28  and  29. 
As  in  the  case  of  axial  strain  vs.  time  plots  on  log-log  scales  for 
Uniaxial  Tension  tests,  the  deformation  of  the  movable  plate  or  shear 
strain  under  constant  stress  vs.  time  plots  are  straight  lines  for  pre- 
failure  conditions  and  tend  to  curve  upward  just  as  the  material  begins 
to  fail.   Similar  curves  were  obtained  by  Lee  and  Markwick  (11)  who  tested 
1-inch  thick,  specimens  and  also  plotted  the  dilation  of  the  specimen  with 
time.  As  explained  earlier,  the  specimens  for  simple  shear  test  were 
made  l/^-inch  thick  and  it  was  not  possible  at  this  thickness  to  record 
the  lateral  deformation  of  the  movable  plate  accurately  because  of  its 
very  small  magnitude. 

Neglecting  dilation,  the  deformation  of  the  plate  at  any  time 
divided  by  the  thickness  of  specimen  can  be  taken  as  the  shear  strain  at 
that  time.  Thus,  shear  strain  at  any  time  when  the  thickness  of  the 
specimen  is  1/^-inch,  is  four  times  the  deformation  of  the  movable  plate 
at  that  time. 
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It  is  interesting  to  note  that  the  results  for  Simple  Shear  tests 
tabulated  in  Table  3  show  the  same  trends  as  noted  in  the  Uniaxial 
Tension  rest  results  tabulated  in  Tables  1  and  £.  The  deviation  from 
proportionality  betweeen  applied  shear  stress  and  the  shear  strain  at 
one  minute  can  be  observed  from  the  results  at  100  F,  but  the  results 
at  kO   F  and  77  F  do  not  show  any  marked  deviation.  As  in  the  case  of 
Uniaxial  Tension  test  results,  the  slopes  of  shear  strain -time  curves 
on  log-log  plots  become  steeper  with  increasing  stress.  The  rate  of 
change  of  slope  with  stress  varies  with  temperature.  For  example,  at 
hO   F,  the  slope  is  1  in  2.55  at  ^.6h   psi  and  is  1  in  l.hO   at  a  stress 
more  than  four  times  greater  whereas  at  100  F  the  slope  is  1  in  ^.50  at 
O.563  psi  and  at  a  stress  more  than  three  times  greater  it  is  1  in  3. 58. 

In  order  to  determine  the  shear  stress -shear  strain  relationship 
as  a  function  of  time  and  temperature,  a  study  of  the  change  of  slope 
of  the  log-log  plots  of  deformation  vs.  time  with  varying  applied  stress 
and  temperature  seems  to  be  useful.  At  this  point,  it  is  to  be  noted 
that  since  the  shear  strain-time  plots  for  Simple  Shear  tests  show  the 
same  trends  with  applied  stress  and  temperature  as  shown  by  the  axial 
strain-time  and  circumferential  strain-time  plots  for  Uniaxial  Tension 
tests,  it  appears  valid  to  conclude  that  the  basic  material  constants 
of  the  mixture  may  be  reflected  in  stress-strain  relationships  derived 
from  the  data  of  these  two  tests. 
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Axial  Compression  Test  Results 

In  the  Axial  Compression  tests,  the  axial  deformations  as  well  as 
circumferential  deformations  on  the  inside  and  outside  of  the  hollow 
specimens  under  different  constant  applied  stresses  and  temperatures  were 
observed  with  time. 

In  Figures  30,  31  and  .,2,   the  axial  strains  have  been  plotted  against 
time  on  a  log-log  plot  under  constant  compressive  stresses,  as  indicated 
on  the  figures  and  at  40  F,  77  F  and  100  F,  respectively.  The  corresponding 
circumferential  strain-time  curves  on   log-log  plots  are  given  in  Figures  33, 
34  and  35-  The  Axial  Compression  tests  were  performed  to  compare  the 
results  obtained  with  the  corresponding  results  predicted  from  Uniaxial 
Tension  tests.  For  this  purpose,  the  strain-time  curves  as  predicted  by 
Uniaxial  Tension  tests  are  shown  dotted  alongside  the  actual  curves 
obtained  from  the  Axial  Compression  tests  in  the  following  figures. 

Discussion  of  Axial  Compression  Test  Results 
The  axial  strain  vs.  time  plots  on  log-log  scale  in  Figures  30  to 
32  show  that  these  are  not  continuous  straight  lines  as  obtained  in  the 
Uniaxial  Tension  tests,  but  are  straight  only  up  to  some  deformation 
after  which  they  curve  downward  to  lesser  slopes.  The  same  trend  can  be 
observed  from  the  circumferential  strain  vs.  time  plots  in  Figures  33 
to  35  on  log-log  scal.es.  The  circumferential  strain  was  calculated  by 
finding  the  change  in  the  thickness  per  inch  of  the  wall  of  the  hollow 
specimen. 

The  same  general  trend  of  the  slope  on  the  log-log  plot  becoming 
steeper  with  the  increasing  stress,  as  was  observed  in  the  case  of 
Uniaxial  Tension  tests,  can  be  observed  in  the  case  of  compression  test 
results  also,  but  only  for  the  straight  line  portions  of  curves. 
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It  is  interesting  to  note  from  the  axial  strain  vs.  time  plots  on 
log -log  scale  that,  approximately  at  the  time  at  which  the  straight-line 
portion  of  the  curve  tends  to  curve  upward  in  the  case  of  the  axial 
strain-time  plots  (log-log)  of  Uniaxial  Tension  tests,  the  corresponding 
curve  in  case  of  compression  tests  tends  to  curve  downward  to  lesser 
slopes.  This  goes  to  show  that  after  this  time,  different  mechanisms 
of  deformation  in  the  two  tests  might  have  taken  over.  However,  it  must 
be  recognized  that  pure  compression  was  probably  not  achieved  in  the 
test  performed  and  that  the  measurements  made  were  less  than  ideal. 

It  can  be  observed  from  the  predicted  and  actual  plots  that  the 
strains  up  to  about  O.U  percent  can  be  predicted  quite  well  for  the 
two  tests. 

It  must  be  mentioned  here  that  the  compressive  stress  over  the 
cross-section  of  specimen  decreases  with  time,  as  the  area  of  cross- 
section  of  the  specimen  increases  with  time,  under  the  constant  load. 
The  decrease  in  compressive  stress  is,  however,  very  small  as  the  maximum 
compressive  strain  recorded  in  these  results  is  only  about  1  percent.  Thus 
the  stress  can  be  assumed  to  be  constant  during  the  test. 

Also,  the  discrepancy  between  the  increased  stress  in  Uniaxial 
Tension  test  specimens  and  the  correspondingly  decreased  stress  in  Axial 
Compression  test  specimens  is  too  small  to  warrant  consideration  for 
verification  of  results. 
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SUMMARY  OF  TEST  RESULTS 

To  obtain  the  experimental  data  required  for  this  study,  three 
different  types  of  laboratory  tests,  viz.  Uniaxial  Tension  tests,  Simple 
Shear  tests  and  Axial  Compression  tests  were  performed.  In  this  order, 
the  results  of  these  tests  are  summarized  here. 

For  the  Uniaxial  Tension  tests,  the  axial  strain  of  specimens  under 
constant  stress  and  constant  temperature,  when  plotted  as  ordinate  against 
time  on  log-log  scales  gave  a  straight  line  relationship  in  the  pre- 
failure  region.  As  failure  started  to  take  place  with  the  appearance  of 
minute  cracks  in  the  middle  portion  of  specimen,  the  straight  line  on 
the  log-log  plot  tended  to  curve  upward.  It  was  found  convenient  to 
characterize  the  straight  line  portion  of  the  plot  by  its  slope  and 
axial  strain  at  one  minute.  Within  the  range  of  temperatures  and  stress- 
levels  tested,  the  following  points  of  interest  were  observed  from  the 
results : 

At  constant  temperature,  the  axial  strain  at  one  minute  did  not 
vary  proportionally  with  applied  stress.  The  deviation  from  proportionality 
increased  With  increasing  temperature  as  well  as  with  increasing  applied 
stress.  The  slopes  of  the  straight-line  portions  of  the  log-log  plots 
varied  with  the  applied  stress  and  temperature.  The  slopes  became  rt.eeper 
with  increase  in  applied  stress  at  constant  temperature.  For  an 
incremental  change  in  stress,  the  corresponding  change  in  slope  was  more 
significantly  marked  at  higher  temperatures. 
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The  circumferential  strain  when  plotted  as  ordinate  against  time 
on  log-log  scales  also  gave  a  straight-line  relationship.  The  same 
trends  as  observed  for  axial  strains  were  observed  for  circumferential 
strains . 

A  study  of  Poisson's  ratio  for  the  material  as  determined  from  the 
Uniaxial  Tension  test  data  showed  it  to  be  a  function  of  applied  stress, 
time  and  temperature.  Using  the  theory  of  elasticity,  however,  the 
Poisson's  ratio  would  have  been  taken  as  a  constant  at  least  for  stress. 
Whereas  at  kO   F,  its  value  was  found  almost  independent  of  applied  stress, 
at  higher  temperatures  it  decreased  with  increasing  applied  stress. 

For  the  Simple  Shear  tests,  the  shearing  strain  in  the  specimen 
under  constant  shear  stress  and  constant  temperature,  when  plotted  as 
ordinate  against  time  on  log-log  scales,  gave  a  straight-line  relation- 
ship in  the  pre-failure  region.  The  shearing  strain-time  relationships 
showed  the  same  trends  with  regard  to  temperature  and  applied  stress  as 
were  observed  in  the  axial  strain-time  relationships  in  the  Uniaxial 
Tension  tests.  This  was  an  indication  of  the  fact  that  the  same  basic 
material  properties  were  being  reflected  in  these  two  types  of  tests. 

For  the  Axial  Compression  tests,  the  log-log  plots  of  axial  strain 
vs.  time  were  not  found  to  be  continuous  straight  lines  for  the  entire 
range.  The  plots  were  straight  lines  up  to  a  certain  percentage  of 
deformation  after  which  they  curved  downward  to  lesser  slopes.  The 
initial  straight-line  portions  of  the  Axial  Compression  test  plots  showed 
the  same  trends  with  regard  to  applied  stress  and  temperature  as  were 
observed  in  the  axial  strain-time  plots  from  the  Uniaxial  Tension  tests. 
It  was  also  observed  from  the  Axial  Compression  test  results  that  strains 
up  to  about  O.k   percent  can  be  quite  satisfactorily  predicted  from  the 
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Uniaxial  Tension  tests. 
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DISCUSSION  OF  STRESS- STRAIN  EXPRESSIONS 
Based  on  the  Uniaxial  Tension  test  and  Simple  Shear  test  results, 
as  discussed  in  the  preceding  section,  three  stress-strain  expressions 
were  derived.  These  derivations  are  presented  in  Appendix  C.  In  this 
section,  the  general  forms  of  these  expressions  are  given  and  discussed. 
From  Uniaxial  Tension  test  results,  the  expression  relating  the  normal 
tensile  stress  (0^)  to  axial  strain  (£j)  was  found  to  be: 
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where  t  stands  for  time,  T  for  temperature  and  c.  ,  c„,  p,  ,  p_  are  material 
constants.  An  expression  of  the  some  form  relating  (Jlto  circumferential 
strain  (£y)  was  found  viz.    _c '         -Py 

°^  =     Gjf)       -   v]f)   T^T 

Assuring  the  material  to  be  isotropic  and  homogeneous,  the  following 
equations  can  be  written:  , 

From  the  Simple  Shear  test  results,  the  expression  relating  the 
shear  stress  ( Tyr)  to  shear  strain  (*)£z),   was  found  to  be  of  the  same 
form,  viz:  _^*       -p* 

at 

where  c  ",  c  ",  p  "  and  p  ''  are  material  constants.  Noting  the  definitions 
where  w  and  v  are  the  displacements  in  the  z  and  y  directions  respectively, 
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and  that  the  terra ^Tf or  V  was  found  negligible  relative  to  the  method 
■37.     *z 

of  measurement  the  material  constants  c^,  Cg,  p  ,  p  and  c  ,T ,  c",  p  ", 

P2"  from  the  two  types  of  tests  are  comparable . 

The  values  of  the  four  material  constants  as  determined  from  Uniaxial 
Tension  test  results  are: 

C;L  =  130     c2  =  5.15 


px  =  98     p2  =  6.00 


The  corresponding  material  constants  as  determined  from  the  Simple  Shear 
test  results  are: 

c1"  =  150    c2"  =  k.kO 

p1"  =  108    p2"=  5.15 

A  comparison  of  these  material  constants  as  obtained  from  the  two  types 
of  tests  shows  that  they  are  quite  close,  considering  the  experimental 
limitations  involved  in  the  study.  The  stress-strain  expressions  from 
these  two  types  of  tests  show  that  there  are  at  least  four  material 
constants  independent  of  time  and  temperature.  These  expressions  when 
used  to  predict  strains  in  an  Axial  Compression  test  gave  reasonably 
good  results  for  small  strains  up  to  O.k   percent  only  as  observed  in  the 
previous  section.  For  strains  greater  than  O.k   percent,  it  appears  that 
a  different  deformation  mechanism  is  operating  in  compression  as 
compared  to  tension  tests.  However,  it  must  be  recognized  that  pure 
compression  was  probably  not  achieved  in  the  test  performed  and  that  the 
measurements  made  were  less  than  ideal. 

The  existence  of  at  least  four  material  constants,  independent  of 
time  and  temperature,  as  obtained  from  two  different  types  of  tests  in. 
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this  study,  gives  a  promising  line  of  approach  to  testing  bituminous 
mixtures  quantitatively. 

As  stated  in  the  Outline  of  the  Investigation,  the  purpose  of  the 
study  was  to  derive  the  independent  stress-strain  relationships  which 
are  necessary  to  render  a  two-dimensional  system  of  the  sheet-asphalt 
mixture  solvable.  This  has  been  achieved  with  the  three  independent 
stress-strain  expressions  obtained  from  relevant  experimental  data,  which, 
with  the  two  equations  of  motion  in  two  dimensions  give  a  set  of 
five  independent  equations  containing  five  unknowns  as  follows: 
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Knowing  the  boundary  conditions  imposed  on  the  materiel,  the  above 
five  equations  may  solve  the  two-dimensional  deformable  system  mathematically. 
It  has  to  be  recognised,  however,  that  the  three  stress-strain  expressions 
obtained  from  experimental  data  are  valid  only  for  the  range  of  temperatures 
and  stress  levels  for  which  the  material  was  tested  in  this  study.   Similar 
expressions  can  be  found  for  wider  application  by  extending  the  experimental 
work  along  lines  suggested  in  "Suggestions  for  Further  Research." 
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CONCLUSIONS 

The  following  conclusions  have  been  drawn  from  the  experiment:  1 
data  obtained  for  the  sheet-asphalt  mixture,  within  the  range  of 
temperatures  and  stress-levels  for  which  it  was  tested  in  this  investi- 
gation: 

1.  Three  independent  stress-strain  relationships  exist  as  functions 
of  time  and  temperature  which  together  with  the  two-dimensional  equat- 
ions of  motion  give  a  system  of  five  equations  containing  five 
unknowns . 

2.  There  exist  four  basic  material  constants  independent  of  time 
and  temperature  as  opposed  to  the  usual  modulus  of  elasticity  and 
Poisson's  ratio  constants  assumed  in  elastic  theory.   These  four  basic 
material  constants  exist  in  the  tensile  stress-axial  strain  expression 
derived  from  Uniaxial  Tension  test  results  and  also  in  the  shear  stress- 
shear  strain  expression  derived  from  Simple  Shear  test  results.  From  the 
fact  that  the  magnitude  of  the  material  constants  as  determined  from  two 
different  types  of  tests,  performed  for  a  number  of  different  conditions 
of  time  and  temperature,  were  quite  close  to  each  other,  it  can  be 
concluded  that  these  material  constants  are  independent  of  the  type  of 
test.  As  the  results  from  Axial  Compression  tests  corresponded  reasonably 
well  with  those  predicted  from  Uniaxial  Tension  test  results  for  strains 
less  than  about  O.k   percent,  it  can  be  concluded  that  the  derived 
expressions  hold  for  both  tension  and  compression  of  the  material  for 
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very  small  strains , 
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SUGGESTIONS  FOR  FURTHER  RESEARCH 
This  study  was  based  on  a  new  approach  to  the  problem  of  under- 
standing and  predicting  the  deformation  characteristics  of  bituminous 
mixtures,  but  was  restricted  only  to  a  sheet-asphalt  mixture  tested 
within  a  limited  range  of  temperatures  and  stress  levels. 

Since  the  investigation  appears  to  be  quite  fruitful,  it  would 
be  worthwhile  investigating  the  effect  of  mixture  variables  on  the 
material  constants  as  evaluated  in  this  study.  Also,  it  would  be 
interesting  to  test  other  bituminous  mixtures  which  are  not  as  homogeneous 
and  isotropic  in  nature  as  the  sheet-asphalt  mixture  selected  for  this 
study . 

It  is  important  to  extend  this  study  to  a  wider  range  of  temperatures 
and  stress  levels.  At  very  low  temperatures  and  under  very  low  stresses, 
the  deformations  being  too  small  to  be  measured  adequately  with  an 
accuracy  of  0.00005  inches,  the  use  of  Tuckerman  optical  strain  gages 
which  can  read  up  to  2  x  10"  in.  deformation  and  of  base  length  1  inch 
is  recommended,  both  for  longitudinal  as  well  as  lateral  deformations. 
A  rectangular  cross-section  of  the  specimen  is  more  desirable  for  use 
with  optical  strain  gages,  compared  to  a  circular  cross-section  as 
used  in  this  study.  For  higher  temperatures,  more  than  100  F  or  so, 
the  Tuckerman  optical  strain  gage  has  a  tendency  to  penetrate  into 
the  specimen  and  its  use  therefore  is  not  recommended  for  high  temperatures. 
A  suitable  method  for  higher  temperatures  seems  to  be  the  "grid  method". 
If  a  grid  consisting  of  100  lines  or  more  per  inch,  at  right  angles,  is 
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printed  on  a  specimen,  pictures  of  the  deforming  specimen  can  be  taken 
at  frequent  intervals  of  time  and  deformations  read  from  the  pictures. 
Although  the  accuracy  of  the  grid  technique  is  not  as  high  as  that  of 
the  optical  strain  gage,  it  has  the  advantage  of  having  an  almost 
unlimited  range  of  deformations.  Also,  the  relative  deformations 
of  stone  and  the  bituminous  matrix  may  be  studied  by  the  grid  technique , 

The  use  of  the  expressions  relating  stress  to  strain  as  functions 
of  time  and  temperature  and  material  constants,  as  obtained  from  this 
laboratory  study,  can  be  extended  to  predicting  and  verifying  the 
deformations  of  bituminous  mixtures  in  the  field. 
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APPENDIX  A 

Equations  of  Motion  in  Two  Dimensions 
The  equations  of  motion  of  a  two-dimensional  deformable  system  (5) 
are  derived  as  follows : 


*  Dz. 


ryr.^d, 


Tyr  +  *k*  6y 


Consider  a  two-dimensional  infinitesimal  element  of  a  homogeneous 

and  isotropic  body  with  dimensions  dz  and  dy  as  shown  in  figure. 

0^  and  (JZ  are  the  normal  stresses  on  this  element  in  the  yz  plane 

passing  through  the  origin,  the  variations  in  these  stresses  along  the 

z  and  y  directions  being  ^?dz.and  °3.  dy   respectively.   Similarly 

Tyz  is  the  shear  stress  in  the  yz  plane,  its  variations  along  the  y  and 

z  directions  being   ~_£>r  dy  and  ^3>?  dz.    respectively.  Besides  these  stresses 

3v         ~bz 


9»» 


acting  on  the  element,  consider  the  body  forces  like  gravity  and  inertia 

forces  Z  and  Y  acting  in  the  z  and  y  directions  respectively,  per  unit 

volume  of  material,  taking  unit  dimension  at  right  angles  to  paper. 

If  the  element  is  in  motion,  having  displacements  w  and  v  in  the 

2  and  y  directions  respectively  in  time  t,  we  have  according  to  the 

Newton's  second  law  of  motion, 

Sum  of  forces  in  z  direction,  2,  F_  =  th  ^^  =   mass  x  acceleration 

z      bt2- 

/> 

Sum  of  forces  in  y  direction,  "£  Fv  —  m^L    ■=.    mass  x  acceleration 

where  m  is  the  mass  of  the  material  in  element,  with  unit  dimension  at 
right  angles  to  paper. 

Resolving  all  forces  acting  on  the  element  along  the  z  and  y 
directions  respectively,  we  get: 

Fz   J  ^-dzdy    +       ^dydz.-  Zdydz  =  m% 
*■  bz  by  dL 


R,=     ^dydz   +      *2dyck   -Ydydz^m^ 


f-3- 

1 

'  a 


Dividing  both  sides  of  the  equations  by  dydz  which  is  the  volume  of  the 
element  having  unit  dimension  at  right  angles  to  the  paper,  we  get: 


Sz  +    ^>      -  at2- 

"bCjy     "50^   -   Y  +  m 


yv 


a*    "    S~y"  '  at* 

where  Z  and  Y  are  the  body  forces  par  unit  volume  of  the  material  in  : 
and  y  directions  respectively,  and  in  is  the  mess  per  unit  volume  of 
material. 
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Z  =.  unit  weight  of  the  material  acting  vertically  down. 
Y  =  0,  there  being  no  body  forces  in  the  y  direction. 
Hence  the  equations  of  motion  for  a  two-dimensional  deformable 
system  reduce  to: 

*<£  ,  Vty*  _£   m&j?  0) 

T" —   *  *"   '       -v  +  2. 

t  "2. 

dTyz    "ciUy  yr,  Btf   .  .(Jo 


Bz     2>y      at* 
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APPENDIX  fi 


Uniaxial  Tension  Tests 


Preparation  of  Specimens 

The  procedure  used  for  making  cylindrical  specimens,  2  inches  in 
diameter  and  h   inches  high  for  the  Uniaxial  Tension  tests  was  as  follows: 

The  split  mold  was  oiled  inside  with  a  very  thin  film  of  lubricating 
oil  and  assembled.  This  assembled  mold  together  with  the  cylindrical 
plungers,  mixing  bowl,  mixing  spoon  and  tamping  rod  were  placed  in  the 
upper  shelf  of  the  oven  at  a  temperature  of  !(00  F.  The  molds  are  shown 
in  Figure  2. 

The  different  fractions  of  aggregate  were  proportioned  according 
to  the  gradation  given  in  Table  4,  Appendix  D.  The  total  quantity  of 
aggregate  taken  was  such  that,  together  wi th  the  required  asphalt  cement, 
the  resulting  quantity  of  the  mixture  would  give  a  specimen  of  the 
required  size  having  a  unit  weight  of  lUO  lbs. /eft.  or  2.2U  gms./cc.  The 
aggregate  was  put  in  a  pan  inside  an  oven  and  heated  to  a  temperature 
of  350°F  for  about  four  hours  before  mixing  it  with  asphalt. 

More  than  the  calculated  quantity  of  60-70  pen.  asphalt  cement 
required  for  a  single  specimen  was  taken  out  of  the  can  of  asphalt  by 
means  of  hot  spatula  and  placed  in  the  oven  at  a  temperature  of  290  F 
for  about  U5  minutes.  The  exact  calculated  amount  was  then  poured  into 
the  heated  aggregate. 

Mixing  of  the  required  quantities  of  heated  aggregate  and  heated 
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asphalt  cement  was  done  by  hand  with  a  heated  mixing  spoon  for  a  period 
of  two  minutes. 

One  of  the  heated  plungers  was  removed  from  the  oven,  split  rings 
placed  around  it,  and  the  heated  split  mold  placed  over  it.  The  hot 
bituminous  mixture  from  the  mixing  bowl  was  put  in  the  mold  with  a 
heated  spoon  in  three  layers  and  each  layer  was  tamped  or  rodded  with  30 
blows  by  a  one-half  inch  diameter  rod.  When  rodding  was  complete,  the 
second  heated  plunger  was  fitted  into  the  mold  and  this  assembly  was 
then  placed  in  a  hydraulic  compaction  device,  see  Figure  3.  With  the 
split  rings  in  position  a  small  seating  load  was  applied,  after  which 
the  split  rings  were  removed  and  the  load  applied  gradually  until  the 
compacted  length  of  specimen  reached  the  desired  h   inches.  This  was 
indicated  by  a  pre-pcsitioned  dial  indicator.  After  the  desired  height 
was  reached,  the  load  was  maintained  for  two  minutes.  On  releasing  the 
load,  the  assembled  mold  with  plungers  was  taken  out  of  the  compaction 
device  and  placed  on  an  adjoining  table. 

The  mold,  with  the  upper  plunger  in  position,  was  lifted  off  the 
lower  plunger  and  placed  on  a  flat  surface.  The  bolts  were  taken  out 
and  the  upper  plunger  gently  pushed  so  as  to  make  the  specimen  move 
a  little  distance.  The  specimen  was  thus  made  to  rest  on  the  flat 
surface  and  the  mold  around  it  removed. 

After  the  specimen  had  cooled,  it  was  weighed  and  measured  for  its 
dimensions . 

Curing  of  Specimens 
To  avoid  the  effects  of  variable  aging  on  the  test  results,  each 
specimen  was  kept  at  room  temperature  for  36  hours,  after  which  it  was 
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placed  in  the  constant  temperature  room  at  the  temperature  of  test  for  12 
hours  before  starting  the  test.  The  capping  of  test  specimens  was  done 
after  about  2k   hours  after  compaction. 

Capping  of  Specimens 
For  the  Uniaxial  Tension  test,  each  specimen  had  to  be  cemented  to 
caps  at  its  ends,  as  shown  in  Figure  k.     The  cementing  process  had  to  be 
very  carefully  done  in  order  to  ensure  the  vertical  and  horizontal 
alignment  of  the  axes  of  specimen  with  the  caps  so  that  a  uniform 
application  of  stress  on  the  specimen  would  be  obtained  under  test. 

To  make  sure  that  the  ends  of  the  specimen  were  at  right  e.ngles  to 
its  vertical  axis,  a  split  aligning  block  specially  machined  to  suit 
the  dimensions  of  the  specimen,  was  used.  The  specimen  was  held  within 
the  tightened  split  block  so  that  its  axis  was  coincident  with  the 
vertical  axis  of  the  block.  The  upper  end  was  then  adequately 
sandpapered  to  make  it  perpendicular  to  the  specimen  axis.  The  ends  of 
the  specimen  were  then  reversed  and  the  other  end  treated  in  the  same  way. 

To  withstand  the  range  of  test  temperatures  and  stress  levels  for 
the  Uniaxial  Tension  tests,  the  following  formulation  of  epoxy  resins, 
developed  by  Davis,  Krokosky  and  Tons  (3k)   was  used: 

Epon  (shell)  Resin  828  55$  by  weight 

Epon  (shell)  Resin  871  36$  by  weight 

Diethyl  Tri-Amine  Curing  Agent  9$  by  weight 

The  above  formulation  was  found  to  have  desirable  properties  of  flexibility, 
provided  by  Epon  Resin  871,  the  required  strength,  provided  by  Epon  Resin 
828,  and  a  reasonable  period  of  about  2  hours  for  setting  provided  by 
the  curing  agent. 
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While  the  epoxy  was  still  in  a  semi -liquid  state,  and  viscous  enough 
not  to  flow  readily  over  the  specimen,  the  caps  were  placed  in  position 
over  the  ends  of  the  specimen.  The  two  parts  of  the  split  block  machined 
to  correspond  to  the  configurations  of  the  caps  and  the  specimen  were 
tightened  over  the  assembled  specimen.  After  about  two  hours,  the  two 
parts  of  the  split  block  were  removed.  The  specimen  was  then  found  to 
be  secured  to  the  caps  by  the  set  epoxy  with  its  axis  appropriately 
aligned  with  the  caps. 

The  lower  cap  of  the  specimen  was  threaded  on  the  outside  to  fit 
into  the  base  plate  of  test  apparatus  with  a  recess  correspondingly 
threaded  on  the  inside  to  hold  the  bottom  of  the  specimen  fixed.  The 
upper  cap  of  the  specimen  was  provided  with  a  hole,  machined  exactly 
in  the  center  of  the  cap  and  threaded  on  the  inside  to  receive  the  swivel 
joint  arrangement  having  its  bottom  correspondingly  threaded  on  the 
outside.  This  is  shown  in  the  diagrammatic  sketch  in  Figure  5- 

A  typical  specimen  finished  in  the  manner  described  above  is  shown 
in  Figure  h. 

Testing  of  Specimens 

The  Uniaxial  Tension  tests  were  performed  to  obtain  longitudinal 
and  circumferential  strains  as  functions  of  time,  under  constant  stress, 
for  different  temperatures  and  stress  levels. 

A  diagrammatic  sketch  of  the  set-up  for  the  measurement  of 
longitudinal  and  circumferential  strains  is  shown  in  Figure  5  and  a 
test  in  progress  is  shown  in  Figure  6. 

The  speciiaen  was  subjected  to  constant  stress  by  a  dead  load  (steel 
plates)  transmitted  by  a  thin  steel  cable  passing  over  two  pulleys.  The 
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point  C  in  Figure  5,  the  center  of  the  circular  recess  threaded  on  the 
inside  to  receive  the  capped  specimen,  was  very  carefully  determined  by 
a  plumb  bob.  The  steel  plate  with  the  recess  with  center  C  was  bolted 
down  to  the  base  plate  so  that  there  was  no  eccentricity  within  measurable 
limits  in  the  application  of  tensile  load  to  the  specimen  through  the 
cable. 

The  prepared  specimen  with  its  bottom  cap  threaded  on  the  outside 
was  screwed  into  the  recess  with  center  C,  correspondingly  threaded  on 
the  inside,  so  that  the  specimen  bottom  was  now  fixed.  The  cable  passing 
over  the  pulleys  was  connected  to  the  top  cap  of  the  specimen  by  a  swivel 
as  shown  in  Figure  5>  in  order  to  ensure  that  the  load  being  applied 
to  the  specimen  was  always  vertical  and  in  line  with  the  axis  of  the 
specimen.  The  other  end  of  the  cable  passed  over  the  pulleys  and 
terminated  in  a  hook  from  which  the  dead  load  of  steel  plates  could  be 
hung. 

Various  strain  measuring  devices  were  investigated,  as  detailed  in 
the  outline  of  investigation;  however,  a  simple  mechanical  device, 
consisting  of  pointers  supported  by  minimum-friction  hinges  and 
penetrating  into  the  specimen,  was  found  most  effective  and  therefore 
was  adopted.  This  device  is  shown  in  Figures  5  snd  6.  It  consists  of 
a  vertical  column  mounted  on  a  steel  plate  with  two  pointers  hinged  to 
it  exactly  1-inch  apart.  The  hinges  were  made  as  frictionless  as 
possible  by  being  machined  very  smooth  and  oiled  with  a  light  oil 
periodically.  The  two  pointers  were  of  different  lengths  in  order  to 
facilitate  the  placing  of  dial  indicators  over  them.  The  upper  pointer 
was  3  1/k   inches  long,  with  its  pointed  end  penetrating  into  the  specimen 
exactly  2  inches  from  the  .center  of  the  hinge.  At  a  distance  of  1  inch 
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from  the  hinge,  and  away  from  the  specimen,  the  deformation  would  be  equal 
and  opposite  to  one-half  the  deformation  of  the  pointed  end.  The  lower 
pointer  was  U  l/k   inches  long  with  the  center  of  the  hinge  exactly  2 
inches  from  the  pointed  end  so  that  at  a  distance  exactly  2  inches  from 
the  hinge,  and  away  from  the  specimen,  the  deformation  would  be  equal 
and  opposite  to  the  deformation  of  the  pointed  end.  Each  of  the  pointers 
was  made  l/k   inch  longer  than  desired  so  as  to  have  a  clearly  marked 
line  1  or  2  inches  away  from  the  hinge,  as  the  case  might  be,  on  which 
to  put  the  extension  of  the  dial  indicator. 

The  points  of  the  dial  indicators  were  placed  on  the  marked  lines 
over  the  pointers,  as  shown  in  sketch.  These  dial  indicators  were  held 
in  clamps  attached  to  a  separate  steel  rod  coming  out  of  the  same  bottom 
steel  plate  which  held  the  column  supporting  the  pointers.   Since  the 
extension  ends  of  the  dial  indicators  exerted  some  force  on  the  pointers, 
small  counter -weights  capable  of  sliding  over  the  pointer,  as  shown  in 
the  sketch  were  used  between  the  hinge  and  specimen  to  exactly  counter- 
act the  force  exerted  by  the  dial  indicators.  Another  dial  indicator 
held  by  a  clamp  attached  to  the  same  vertical  rod  which  held  the  clamps 
of  the  other  two  indicators  was  used  with  its  extension-end  touching 
the  top  cap  of  the  specimen. 

To  measure  the  circumferential  strain,  or  the  decrease  in  the 
radius  of  the  specimen  (originally  1  inch),  a  dial  indicator  also  was 
used.  In  this  case,  however,  the  extension  end  of  the  dial  indicator 
in  contact  with  the  specimen  was  carefully  machined  to  have  a  curved 
shape  corresponding  exactly  to  the  curved  surface  of  the  specimen  in 
order  to  minimize  any  penetration  of  this  end  into  the  specimen.  The 
dial  indicator  with  the  curved-end  extension  was  put  directly  in  contact 
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with  the  surface  at  mid-height  of  the  specimen  with  its  axis  at  right 
angles  to  the  vertical  axis  of  the  specimen.  Thus,  four  dial  indicators 
were  placed  in  position,  as  shown  in  Figure  2,  on  one  side  of  the  axis 
of  specimen.  To  minimize  the  errors  in  the  measurement  of  deformations 
due  to  any  possible  eccentricity  in  the  application  of  load,  etc.  four 
corresponding  dial  indicators  were  placed  in  the  same  fashion  as 
described  above  symmetrically  about  the  axis  of  specimen  as  shown  in 
Figure  5. 

Before  loading  the  specimen,  the  pointers  on  both  sides  of  the 
specimen  axis  were  adjusted  so  that  they  were  horizontal  in  position.  This 
was  done  by  the  use  of  small  studs  over  the  hinge,  as  shown  in  Figure  6 
so  that  they  were  penetrating  the  specimen  appropriately  and  the  dial 
indicators  were  showing  constant  readings.  Similarly,  the  dial  indicators 
placed  in  position  to  measure  the  change  in  radius  were  checked  for  no 
change  in  the  readings  due  to  penetration,  etc. 

A  stop  watch  was  started  as  soon  as  load  was  put  on  the  hook  of 
the  free  end  of  the  cable.  The  axial  and  lateral  deformations  of  the 
stressed  specimen  were  recorded  with  time  by  reading  the  dial  indicators. 
The  dial  indicator  readings  as  observed  at  different  intervals  of  time 
are  shovm  on  a  typical  data  sheet  in  Figure  1 . 

The  readings  of  the  dial  indicators  touching  the  top  cap  of  the 
specimen  gave  the  total  axial  deformation  of  the  specimen.  Readings  of 
indicators  placed  on  the  upper  pointer  gave  one-half  of  the  deformation 
of  the  pointed  end,  whereas  the  readings  of  the  dial  indicators  on 
the  lower  pointers  gave  the  total  deformation  at  this  point,  while  the 
readings  on  the  dial  indicators  placed  laterally  gave  the  reduction  in 
radius.  A  typical  plot  of  the  deformations  at  four  points  along  the 
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axis  of  the  specimen,  at  different  times,  is  given  in  Figure  7.  The 
axial  strain  was  determined  by  finding  the  difference  between  the 
deformations  recorded  by  the  two  pointers  vertically  1-inch  apart. 

Simple  Shear  Tests 

Preparation  of  Specimens 

The  specimens  for  Simple  Shear  tests  were  k   x  2  x  l/k   inches  in 
size  made  of  the  same  composition  of  sheet  asphalt  and  compacted  to 
the  same  density  as  that  of  Uniaxial  Tension  test  specimens.  The  mold 
shown  in  Figure  9  was  used. 

The  procedure  for  the  preparation  of  these  specimens  was  the  same 
as  that  for  Uniaxial  Tension  test  specimens  with  the  following  exceptions. 
As  the  quantity  of  aggregate  required  for  a  specimen  was  too  small  to  be 
mixed  effectively  with  asphalt,  double  the  required  quantities  of 
aggregate  and  asphalt  were  mixed  together.  After  mixing,  half  the  amount 
of  mixture  was  used  for  forming  the  specimen. 

The  specimen  was  allowed  to  cool  in  a  horizontal  position  with 
half  of  the  mold  removed. 

Curing  of  Specimens 
To  have  results  comparable  with  Uniaxial  Tension  test  results, 
each  specimen  was  cured  for  the  same  length  of  time  and  in  the  same  way 
as  for  Uniaxial  Tension  test  specimens. 

Cementing  of  Specimens 
To  subject  the  k   x  2  x  l/k   inch  test  specimen  to  uniform  shear,  one 
k  x  2  inch  face  had  to  be  kept  fixed  and  the  other  face  subjected  to 
constant  load.  For  this  purpose,  these  faces  had  to  be  cemented  to  steel 
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plates.  The  steel  plate  to  be  fixed  in  position  was  k  x  2  3/U   x  l/'i  inch 
in  size  and  had  three  holes  at  its  lower  end  for  bolting  to  the  base 
plate.  The  steel  plate  to  be  subjected  to  constant  load  was  h   x  2  l/U   x 
l/k   inch  in  size. 

The  cementing  material  used  for  this  purpose  was  of  the  same 
formulation  of  epoxies  and  curing  agent  as  used  for  cementing  the 
Uniaxial  Tension  test  specimens  to  the  c?ps. 

Care  was  taken  to  see  that  a  uniform  thin  layer  of  cementing  material 
was  applied  between  the  surface  of  specimen  roughened  by  sandpaper,  and 
the  surface  of  steel  plate  in  contact  with  it.  That  the  two  steel 
plates  were  cemented  parallel  to  each  other  was  checked  by  a  hand  level. 

Testing  of  Specimens 

The  Simple  Shear  tests  were  performed  to  obtain  shear  strain  vs. 
time  curves  under  constant  shear  stress  for  different  temperatures  and 
shear  stresses. 

The  diagrammatic  sketch  in  Figure  10  shows  how  the  specimen,  cemented 
to  the  steel  plates,  was  placed  for  the  test.  One  face  of  the  specimen 
was  fixed  in  position  by  bolting  the  steel  plate  to  which  it  was 
cemented  to  the  steel  base  plate.  The  steel  base  plate  was  adjusted  such 
that  the  center  C  of  the  movable  steel  plate  was  exactly  vertically  below 
the  groove  of  the  pulley  over  which  the  cable  transmitting  the  load  was 
to  pass . 

The  dead  load  (steel  plates)  was  transmitted  by  a  cable  to  the  movable 
plate  through  a  swivel  provided  in  a  small  steel  block  adjusted  horizontally 
by  two  screws  symmetrical  about  the  center  of  swivel  and  screwed  into 
the  movable  plate,  as  shown  in  Figure  10.  Two  dial  indicators  capable  of 
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being  read  to  0.00005  inch  were  attached  to  the  movable  plate. 

A  stop-watch  was  started  as  soon  as  dead  load  was  applied,  and  the 
deformation  of  the  movable  plate  as  recorded  by  the  two  dial  indicators 
was  observed  with  time. 

A  typical  observation  sheet  is  shown  in  Figure  12. 

Axial  Compression  Tests 
Preparation  of  Specimens 

The  hollow  cylindrical  specimens  k   inches  high  having  2-inch 
external  and  1-inch  internal  diameters  were  made  of  the  same  composition 
of  sheet  asphalt  and  compacted  to  the  same  density  as  that  of  Uniaxial 
Tension  and  Simple  Shear  test  specimens.  The  procedure  for  the  preparation 
of  these  specimens  was  the  same  as  that  for  Uniaxial  Tension  test 
specimens  with  the  following  modifications.  The  lower  plunger  for  the 
mold  was  fitted  with  a  steel  rod  1-inch  in  diameter  and  k  J>/h   inches 
long.  The  upper  plunger  was  fitted  with  a  1-inch  thick  circular  steel 
plate  having  a  1-inch  diameter  hole  in  the  center  to  receive  the  steel 
roa  of  the  lower  plunger.  The  molds  and  plungers  are  shown  in  Figure  13. 

After  compaction,  the  specimen  was  left  resting  on  the  lower  plunger 
with  the  1-inch  diameter  rod  passing  through  it.  After  the  specimen 
had  cooled,  the  plunger  was  removed. 

Curing  of  Specimens 
To  have  results  comparable  with  those  of  Uniaxial  Tension  and 
Simple  Shear  tests,  the  curing  was  done  for  the  same  length  of  time  and 
in  the  same  way  as  for  the  Uniaxial  Tension  and  Simple  Shear  test 
specimens. 
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Testing  of  Specimens 

The  Axial  Compression  tests  were  performed  on  the  hollow  cylindrical 
specimens  by  applying  a  constant  dead  load  through  a  lever  system. 
From  these  tests,  axial  and  circumferential  strains  were  obtained  as 
functions  of  time,  for  different  temperatures  and  stress  levels. 

The  diagrammatic  sketch  in  Figure  Ik  shows  the  lever  system  for 
loading  the  specimen.  Load  was  transmitted  to  the  specimen  through 
a  swivel  in  the  circular  plate  resting  directly  on  the  specimen. 

To  ensure  axial  loading,  the  hollow  steel  cylinder  with  the  specimen 
on  it  rested  on  a  steel  block  with  a  ball  and  socket  in  the  center. 
This  can  be  seen  in  Figure  Ik. 

The  measurements  of  axial  as  well  as  circumferential  deformations 
on  the  outside  surface  of  the  specimen  were  carried  out  exactly  in  the 
same  way  as  in  the  Uniaxial  Tension  tests.  The  measurements  of 
deformations  on  the  inside  of  the  specimen  at  its  mid-height  has  been 
explained  in  detail  in  the  text.  A  typical  data  sheet  is  given  in 

Figure  17- 

For  each  ccoibination  of  variables,  at  least  two  identical  specimens 
were  tested  in  the  three  series  of  tests  described  in  this  Appendix. 
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APPENDIX  C 

Derivation  of  Stress-Strain  Expressions 
It  has  been  observed  from  the  test  data  developed  that  the  axial 
strain-time  and  circumferential  strain-time  relationships  from  Uniaxial 
Tension  test  results,  and  shear  strain-time  curves  from  Simple  Shear 
test  results  are  straight  lines  on  log-log  plots.   Further,  it  was 
observed  that  a  study  of  the  change  in  slope  of  these  strain-time 
curves,  as  a  function  of  applied  tensile  or  shear  stress  and  temperature, 
appeared  to  be  useful  in  developing  stress-strain  relationships.   The 
development  of  pertinent  stress-strain  expressions  is  presented  in  this 
Appendix. 

Derivation  of  Normal  Tensile  Stress-Axial 

St rain  Relationship  as  Function  of  Time 

and  Temperature 

The  general  expression  for  a  straight  line  relating  to  time  on  a 

log-log  plot  is : 

lo£  £2  -    log  K-i  +   k2  logt    (a) 

where  £z  =    the  axial  strain  at  time  t 

Y-z  =   slope  of  the  straight  line  portion  of  curve 
K.=  a  constant  taken  as  the  axial  strain  at  one  minute. 

Differentiating  the  above  expression  with  respect  to  time  t,  we  get: 

1     Tie.,  u 


ez  at  t 


or  fc2     _ 


Tz  -    * 


kj     <fe> 
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where     G,  =  ?>£*-  =    rate    of    strain. 

In  Figure  Jb,   the  applied  stress  is  plotted  against  the  reciprocal 
of  slope.   It  was  found  that,  at  least  for  the  range  of  applied  stresses 
tested,  the  variation  was  linear  for  each  temperature  although  the 
slopes  of  straight  lines  at  these  three  temperatures  varied  considerably. 
Linearity  was  not  found  to  extend  to  stresses  lower  and  higher  than  the 
ones  shown  here.  This  is  due  to  the  following  reasons: 

Under  very  low  stresses,  the  deformations  being  very  small,  the 
observations  estimated  to  0.00005  inch  tend  to  be  erratic.   This  can  be 
seen  in  the  low  stress  portion  of  the  plots  at  all  temperatures,  for 
example  in  the  circumferential  strain  vs.  time  plot  at  100  F  for  a  tensile 
stress  of  0-75  psi  (Figure  23).   Also,  the  errors  due  to  friction  in 
the  mechanical  parts  of  the  set  up  for  transmitting  the  dead  load  to  the 
specimen  become  increasingly  prominent  at  lower  stresses. 

Under  very  high  stresses,  the  deformations  being  large,  the  specimen 
starts  developing  cracks  within  a  very  short  time  after  being  loaded. 
As  a  consequence,  the  axial  strain-time  plot  starts  curving  upward. 
This  leaves  the  length  of  the  straight  line  portion  of  the  plot  too 
short  to  have  its  slope  determined  accurately.  This  can  be  seen  in  the 
axial  strain-time  plots  at  the  highest  stresses  at  all  temperatures, 
for  example  at  100°F  under  a  tensile  stress  of  2J<j   psi,  (Figure  20). 

This  development  of  stress-strain  expressions,  therefore,  is- 
limited  only  to  the  range  of  stresses  applied  at  different  temperatures 
in  the  investigation. 

The  equations  of  the  straight  lines,  within  the  range,  on  the 
stress  vs.  reciprocal  of  slope  plots  are  given  as  follows: 
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where  0^  =  applied  tensile  stress, 

I(T)  =  intercept,  as  a  function  of  temperature  (T) 

on  the  l/k_  axis ,  and 
S(T)  =  slope,  as  a  function  of  temperature  (T) 
of  the  straight  line. 
The  ratio  l(T)/S(T)  of  the  straight  lines  for  the  temperatures  40°F, 
77  F  and  100  F  are  plotted  against  temperature  on  log-log  scales  (Figure  37), 
It  was  found  that  a  straight  line  relationship  existed  on  the  log-log 

plots  that  could  be  expressed  as: 

C 
T  =  c1  [l(T)/S(T)j  -   (d) 

i.e.,      log  T  =  log  c1  +  C2  log  [I(T)/S(T)] 

For        I(T)/S(T)  =  1,  we  have 

log  T  =  log  c  or  c   =  T, 

i.e.,  c  is  a  temperature  in  F  such  that  a  constant  tensile  stress 

would  satisfy  the  following  expression: 


oi  =  i  -    i  i 

TsTtJ]   x  T 

T  =  c 


C0  is  the  slope  of  the  straight  line  on  the  log-log  plot  of 
temperature  T  vs.  I(T)/S(T). 
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The  reciprocals  of  slopes  of  the  straight  lines  l/S(T)  for  the 
temperatures  ^0°F,  77°F  and  100°F  are  plotted  against  temperature  on 
log-log  scales  in  Figure  38.   It  was  found  that  a  straight  line  relation- 
ship existed  on  the  resulting  log-log  plot  which  could  be  expressed  as: 

T  =  Pl  [l/S(T)]   2 (e) 

i.e.,   log  T  —  log  p   -  P2  log  S(T) 

For     l/S(T)   1.0,  we  have  log  T  =   log  p  ,   therefore  p  is  the 
temperature  T,  at  which  the  slope  of  the  plot  of  l.'k  .  vs .  0^  is  1  in  1  or 
k5   ;    i.e.,  1/k  =  0^  in  psi. 

P  is  the  slope  of  the  straight  line  on  the  log-log  plot  of  temperature 
T  vs.  l/S(T). 

From  equation  (c),  we  have:   rj-'  _   l(T 


1   x 

sir) 


__ 


and  from  equation  (bj,      z   =  . 

therefore,  substituting  the  value  of  k  from  (b)  in  (c),  we  get; 


cr  =HI 


-      1    X   *=*  . 

sTt)   t  ez 


(f) 


From  equation  (d),   T  =  c. 
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where 


c0  -  1   and  the  negative  sign  given  as  the  slope  of  the  straight  line  is 
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negative.   From  equation  (e),   T  _  p.     1      or   1    __  |  T  1 
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where  p  _.  1   and  the  negative  sign  given  as  the  slope  of  the  straight 
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The  equation(A) gives  a  relationship  between  applied  tensile  stress 

and  strain  in  the  direction  of  applied  stress,  as  a  function  of  time, 

temperature ,  strain  rate  and  the  material  constants  c  ,  cn,   p  and  p  . 

J.    c.         J.       c. 

It  is  to  be  noted,  however,  that  this  relationship  holds  only  for  the 

range  of  test  temperatures  from  ^0  F  to  100  F  and  for  the  range  of 

deformations  measured  as  discussed  earlier. 

The  basic  material  constants  c  ,  c   p  and  p,.  which  are  independent 

1   c.       1 

of  time  and  temperature  had  numerical  values  for  this  mixture  as 
explained  below: 

From  Figure  3b,    i(t) 

i 

I(T) 

I(T) 

Thus  the  equation  (c),  vis.  <TZ 
different  temperatures  is  as  fol  : 

At  40°F,  CT^  =  1*48.8  -   220  x  1_ 

K 

At  77°F,  &z   =    11-925  -  3-7  x  1_ 

V 

At  100°F,  &z    =  ^-275  -  0.33  x  1_ 

k2' 

The  log-log  plot  of  T  vs ,  l(T)  and  T  vs.  l/S(T)  are  given  in  Figures  S[ 

sTt) 

and  38,  respectively;  from  these  we  find: 

c±     =  130,   c2  =  5.15 

p   =98,    p0  =  6.00  as  the  material  constants, 
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giving  the  final  stress-strain  expression  as: 

-5-15      -6-oo 


°i  =  (J- 


(rk)     -(S)l^-;  *-f«t*ioo-p 
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Derivation  of  Homal 

Tensile  Stress--Circumferential  Strain 

Relationship  as  Inunction  of  Time  and  Temperature 

The  derivations  of  expressions  in  this  section  follow  exactly  on 

the  sane  lines  as  those  for  tensile  stress  and  axial  strain.   Substituting 

circumferential  strain  £  for  axial  strain  and  replacing  other  symbols  by 

their  primes,  the  equations  (a)  through  (e)  corresponding  to  equations 

(a)  through  (e)  and  the  determination  of  the  numerical  values  of  material 

constants  follow: 

log  Cy    -    \o£  )<,'  -t  k2'  lo&t  (a)' 

§        -     ^        Cb) 

t 


-  s 


cr   =     V(3)  _     »       .  '        .  ... (cy 

t  =   c*  r  i^f  w 

T      =     ?;  [  S'Crj]"2      <e/ 

Substituting  the  expressions  of  l<./,JiI/  and  S'G")  from  (b),  (a)  and 


(e)  respectively,  v;e  get 
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Corresponding  to  equation  (c),  we  have  the  following  equations  at  the 
three  temperatures: 


Cl;  =  475  -   228  -L     @  4oF 

CT  =   46-6  -  /9-Z.—     @  77°^ 
rr     _  Z2..3  _  7-6-i-    @  1°o*F 

T/(-r\  < 

The  log-log  plots  of  T  vs.  =~    and  T  vs. -^--  are  given  in  Figures 
kO   and  Ul;  from  these  \re   find: 

»  1 

cx   =  250,   c2   .  3-3 

PL   -  170,   p2   =  3.6 

as  the  material  constants,  giving  the  final  stress -circumferential  strain 

egression  as: 

-3-3     _  ~~3'6 
(T   =  f  —  V  -  (— 1  ■  €-y  ■  >  4o*F  ^T^!oo*P 

^Z     V250/        \170/    t  £_ 


Derivation  of  Shear  Stress--Shear  Strain 
Relationship  as  Function  of  Ti::e  and  Temperature 

The  derivations  of  expressions  in  this  section  also  are  based 

exactly  on  the  same  lines  as  those  for  tensile  stress  and  axial  strain. 

Substituting  shear  strain  y    for  axial  strain  and  replacing  other  symbols 

I! 

by  their  double  primes  having  the  same  significance,  the  equations  (a) 
through  (e)  corresponding  to  (a)  through  (e)  and  the  determination  of 
the  numerical  values  of  material  constants  follow: 
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^z  -   "t    Cb)' 


Applied  shear  stress    ^  I^CT)     _J J_      /£\* 

T    =    J?"  Ij^f   <e.y 

Substituting  the  expressions  of       K2V  I  "(J)      and      S"CTJ 


ii    ii 


from  the  equations  (b),  (d),  and  (e)  respectively,  we  get 

(z.y 

From  Figure  1+2,  I   (T)  -     2.58  S   (T)  .  1_ 

T   =  1+0°F  T   =  1+0°F     135 

l"(T)  -     3.20  s"(T)  .  1_ 

T  =  77  F  T  a  77  F     9.3 

l"(T)       „  -  ^.85      s"(T)  a   1_ 

T  a  100  F  T  a  100  F    1.15 

ti 
Corresponding  to  equation  (c),  we  have  the  following  equations  at  the 

three  temperatures: 

TZN  -  34-3  -  135-  -L-     @  4o"p 

Tii,  =  29.76  _  3-3  -j-    ©-  77°F 
^y   zr   5-5%   -1.15  i.     <g   '°dV 

The  log-log  plots  of  T  vs.  L22  and  T  vs.  g^  are  given  in  Figures  U3 
and  U4,  and  from  these  we  find: 

II  I!  II  II 

c,   s  150,  c2  .  U.1+0,   p   .  108,  p   =  5.00  as  the  material 
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constants,  giving  the  final  expression  a; 
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APPENDIX  D 

Materials  Used  in  the  Study 
A  sheet-asphalt  mixture  was  used  for  all  the  tests  performed  in 
this  study.  The  test  properties  of  the  asphalt  cement  and  aggregates 
used  in  the  mixture  are  given  in  this  Appendix. 

Asphalt  Cement 
The  asphalt  cement  used  throughout  the  study  was  an  asphalt 
cement  of  ASTM  penetration  grade  60-70  supplied  by  the  Texas  Co.   Several 
standard  ASTM  tests  were  performed  on  this  asphalt  cement  in  the 
laboratory.  The  results  of  these  tests  are  as  follows: 

Penetration  (100  gms.,  5  sec,  77°F)  6^ 

Specific  Gravity  at  77°F  1.02*; 

o  +" 

Ductility  (77  F,  5  cm./  sec),  cm.  100 

Softening  Point,  °F  122 

The  asphalt  content  used  in  the  mixture  was  Q.O  percent  by  weight  of 

aggregage  as  found  optimum  by  Wood  (23). 

Aggregates 
The  sand  used  in  the  study  was  a  local  natural  material  obtained 
from  a  river  terrace.  The  sieve  analysis  of  the  chosen  gradation  is 
given  in  Table  h     and  graphically  presented  in  Figure  h5 .     This  gradation 
meets  the  requirements  of  ASTM  1663-59T,  tentative  specifications  for 
Hot-mixed,  Hot-laid  Asphalt  Paving  Mixtures.  The  physical  properties  of 
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the  sand  are  as  follows : 

Bulk  specific  gravity       2.5*4 

Apparent  specific  gravity    2.67 

Percent  absorption  2.01! 

Since  the  local  sand  was  deficient  in  -200  material,  a  limestone  filler 
with  an  apparent  specific  gravity  of  2.73  was  blended  with  the  sand. 


IU. 


Table  k 


Sieve  Analysis  of  Sheet -Asphalt 
Mixture  (Percent  by  Weight) 


Sieve  Grading 

Passing  Retained 

No.  8  No.  16  7 

No.  16  No.  30  17 

No.  3C  No.  kO  8 

No.  UO  No.  50  9 

No.  50  No.  100  27 

No.  100  No.  200  15 

No.  200  17 
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